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Preface

In these two volumes, we have asked many of the leaders in the fi eld 
of modern microscopy to summarize the latest approaches to the 
imaging of atoms or molecular structures, and, more especially, the 
way in which this aids our understanding of atomic processes and 
interactions in the organic and inorganic worlds.

Man’s curiosity to examine the nanoworld is as at least as old as the 
Greeks. Aristophanes, in a fourth-century bc play, refers to a burning 
glass; the Roman rhetorician Seneca describes hollow spheres of glass 
fi lled with water being used as magnifi ers, while Marco Polo in the 
thirteenth century remarks on the Chinese habit of wearing spectacles. 
Throughout this time it would have been common knowledge that a 
drop of water over a particle on glass will provide a magnifi ed image, 
while a droplet within a small hole does even better as a biconvex lens. 
By the sixteenth century magnifying glasses were common in Europe, 
but it was Anthony van Leeuwenhoek (1632–1723) who fi rst succeeded 
in grinding lenses accurately enough to produce a better image with his 
single-lens instrument than with the primitive compound microscopes 
then available. His 112 papers, published in Philosophical Transactions of 
the Royal Society, brought the microworld to the general scientifi c com-
munity for the fi rst time, covering everything from sperm to the internal 
structure of the fl ea. Robert Hooke (1635–1703) developed the com-
pound microscope, publishing his results in careful drawings of what 
he saw in his Micrographia (1665). The copy of this book in the University 
of Bristol library shows remarkable sketches of faceted crystallites, 
below which he has drawn piles of cannon balls, whose faces make cor-
responding angles. This strongly suggests that Hooke believed that 
matter consists of atoms and had made this discovery long before its 
offi cial rediscovery by the fi rst modern chemists, notably Dalton in 1803. 
(Greeks such as Leucippus (450 bc) had long before convinced them-
selves that a stone, cut repeatedly, would eventually lead to “a smallest 
fragment” or fundamental particle; Democritus once said that “nothing 
exists except atoms and empty space. All else is opinion” (!))

This atomic hypothesis itself has a fascinating history, and is 
intimately connected with the history of microscopy. It was Brown’s 
observation in 1827 of the motion of pollen in water by optical micro-
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scopy which laid the basis for the modern theory of matter based on 
atoms. As late as 1900 many chemists and physicists did not believe in 
atoms, despite the many independent estimates that could be made of 
their size. These were summarized by Kelvin and Tait in an appendix 
to their Treatise on Natural Philosophy, together with an erroneous and 
rather superfi cial estimate of the age of the earth, to be used against 
Darwin. (This text was the standard English language physics text of 
the late nineteenth century, despite its failure to cover much of Max-
well’s work.) Einstein’s 1905 theory of Brownian motion, and Perrin’s 
(1909) more accurate repetition of Brown’s experiment, using micro-
scope observations to estimate Avogadro’s number, fi nally settled the 
matter regarding the existence of atoms. Einstein does not reference 
Brown’s paper, but indicates that he had been told about it. But as 
Archie Howie has commented, it is interesting to speculate how dif-
ferent the history of science would be if Maxwell had read the Brown 
paper and applied his early statistical mechanics to it. By the time of 
Perrin’s paper, Bohr, Thomson, Rutherford and others were well com-
mitted to atomic and even subatomic physics.

In biology, the optical microscope remained an indispensable tool 
from van Leeuwenhoek’s time with many incremental improvements, 
able to identify bacteria and their role in disease, but not viruses, which 
were fi rst seen with the transmission electron microscope (TEM) in 
1938. With Zernike’s phase contrast theory in the thirties a major step 
forward was taken, but the really dramatic and spectacular modern 
advances had to await the widespread use of the TEM, the invention 
of the laser and the CCD detector, the introduction of the scanning 
mode, computer control and data acquisition, and the production of 
fl uorescent proteins.

The importance of this early history should not be underestimated—
in the words of Feynman “If in some cataclysm, all scientifi c knowl-
edge were to be destroyed and only one sentence passed on to the next 
generation of creatures, what statement would contain the most 
information in the fewest words? I believe it is the atomic hypothesis—
that all things are made of atoms.”

Images of individual atoms were fi rst provided by Muller’s fi eld-ion 
microscope in the early 1950s, soon to be followed by Albert Crewe’s 
Scanning Transmission Electron Microscope (STEM) images of heavy 
atoms on thin-fi lm surfaces in 1970. With its subångström resolution, 
the modern transmission electron microscopes (TEM) can now 
routinely image atomic columns in thin crystals. For favorable surface 
structures, the scanning tunneling microscope has provided us with 
images of individual surface atoms since its invention in 1982, and 
resulted in a rich spin-off of related techniques.

Probes of condensed and biological matter must possess a long life-
time if they are to be used as free-particle beams. For the most part this 
has limited investigators to the use of light, X-rays, neutrons and elec-
trons. The major techniques can then often be classifi ed as imaging, 
diffraction, and spectroscopy. These may be used in both the transmis-
sion and refl ection geometries, giving bulk and surface information 
respectively. Chapter 8 (Bauer) reviews both the low-energy electron 
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microscope (LEEM) and spin-polarized LEEM methods which, using 
refl ected electrons, have recently revolutionized surface science and 
thin-fi lm magnetism. Here the high cross-section allows movies to 
made of surface processes at submicrometer resolution, while Auger 
electron spectroscopy is conveniently incorporated. Chapter 9 (Feng 
and Scholl) deals with the closely related photoelectron microscopy, 
where a LEEM instrument is used to image the photoelectrons excited 
by a synchrotron beam. Here the superb energy selectivity of optical 
excitation can be used to great advantage. Chapter 3 (Reichelt) describes 
advances in scanning electron microscope (SEM) research, where the 

focus for the most versatile of all electron-optical instruments. The 
numerous modes of operation include X-ray analysis, cathodolumines-
cence, low-voltage modes for insulators and the controlled-atmosphere 

and the STEM mode in Chapter 2 (Nellist). STEM provides an addi-
tional powerful analytical capability, which, like the STM, can provide 
spectroscopy with atomic-scale spatial resolution. An entire chapter 
(Chapter 4, Botton) is then devoted to analytical TEM (AEM), with a 
detailed analysis of the physics and performance of its two main detec-

The remarkable recent achievements of in-situ TEM are surveyed in 
Chapter 6 (Ross), including transmission imaging of liquid cell elec-

nanometer resolution or better. Again, the large scattering cross-section 
of electron probes provides plenty of signal even from individual atoms, 
so that movies can be made. Chapter 5 (King, Armstrong, Bostanjoglo 

electron microscope imaging, which uses laser-pulses to excite pro-
cesses in a sample. The excited state may then be imaged by passing 
the delayed pulse to the photocathode of the TEM in this “pump-
probe” mode. Single-shot transmission electron diffraction patterns 
have now been obtained using electron pulses as short as a picosecond. 
Most of these techniques are undergoing a quiet revolution as electron-
optical aberration corrector devices are being fi tted to microscopes. The 
dramatic discovery, that, after 60 years of effort, aberration correction 
is now a reality, was made about ten years ago, and we review the rel-
evant electron-optical theoretical background in Chapter 10 (Hawkes). 
Finally, in biology, potentially the largest scientifi c payoff of all is occur-
ring in the fi eld of cryo-electron microscopy, where single-particle 
images of macromolecules embedded in thin fi lms of ice are imaged, 
and a three-dimensional reconstruction is made. While the structure 
of the ribosome and purple membrane protein (among many others) 
have already been determined in this way, the grand challenge of 
locating every protein and molecular machine in a single cell remains 

and Reed) summarizes the dramatic recent revival of time-resolved 

environmental SEM (ESEM). Turning now to the transmission geometry,

and ferroelectric domains and plastic deformation in thin fi lms, all at 

trolysis, observations of the earliest stages of crystal and nanotube 

our understanding of defect processes in the bulk of solids such as oxides, 

growth, phase transitions and catalysts, superconductors, magnetic 

(Kirkland, Chang and Hutchison), the technique which has transformed 

lower-energy secondary electrons provide images with large depth of 

we review the latest work in atomic-resolution TEM in Chapter 1

tors, for characteristic X-ray emission and energy-loss spectroscopy. 
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to be completed. We summarize this exciting fi eld in Chapter 7 (Plitzko 
and Baumeister).

Electrons, with the largest cross-section and a source brighter than 
current generation synchrotrons, provide the strongest signal and 
hence the best resolution. They do this in a manner that can conve-
niently be combined with spectroscopy, and we now have aberration-
corrected lenses for them. But multiple scattering and inelastic 
background scattering often complicate interpretation. X-ray imaging 
of nanostructures, even at synchrotrons, involves much longer data 
acquisition times but the absence of background and multiple scatter-
ing effects greatly improves quantifi cation of data, and thicker samples 
can be examined. (It is easy to show that the small magnitude of the 
fi ne-structure constant will almost certainly never permit imaging of 
individual atoms using X-rays. We should also recall that in protein 
crystallography, about 98% of the X-ray beam hits the beam-stop and 
does not interact with the sample. Of the remaining 2%, 84% is anni-
hilated in production of photoelectrons, and 8% in Compton scatter-
ing, while only the remainder produces Bragg diffraction. For light 
elements the inelastic cross-section for kilovolt electrons is about three 
times the elastic.) Success with X-rays has thus come mainly through 
the use of crystallographic redundancy to reduce radiation damage 
in protein crystallography. However, soft X-ray imaging with zone-
plate lenses provides about 30 nm resolution in the “water window” 
with the advantages of thick samples and an aqueous environment. 
Applications have also been found in environmental science, materials 
science and magnetic materials. In addition, the equivalent of the 
STEM has been developed for soft X-rays: the scanning transmission 
x-ray microscope (STXM), which uses a zone-plate to focus X-rays onto 
a sample that can be translated by piezo motors. This arrangement 
can then provide spatially-resolved X-ray absorption spectroscopy. 
This work is reviewed in Chapter 13 (Howells, Jacobsen and 
Warwick).

Both X-ray and electron-beam imaging methods are limited in biology 
by the radiation damage they create, unlike microscopy with visible 
light, which also allows observations in the natural state. Optical 
microscopy is undergoing a revolution, with the development of 
super-resolution, two-photon, fl uorescent labeling and scanning con-
focal methods. These methods are reviewed in Chapters 11 and 12. 
Chapter 11 (Diaspro, Schneider, Bianchini, Caorsi, Mazza, Pesce, Testa, 
Vicidomini, and Usai) discusses two-photon confocal microscopy, in 
which the spot-scanning mode is adopted, and a symmetrical lens 
beyond the sample collects light predominantly from the excitation 
region, thereby eliminating most of the “out-of-focus” background pro-
duced in the normal full-fi eld “optical sectioning” mode. Three-
dimensional image reconstruction is then possible. Two-photon 
microscopy combines this with a fl uorescence process in which two 
low-energy incident photons are required to excite a detectable photon 
emitted at the sum of their energies. This has several advantages, by 
reducing radiation damage and background, and allowing observation 
of thicker samples. The method can also be used to initiate photochemi-
cal reactions for study. Chapter 12 (Hell and Schönle) describes the 
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latest super-resolution schemes for optical microscopy, which have now 
brought the lateral resolution to about 28 nm and, by the symmetrical 
lens arrangement (4-π confocal), increased resolution measured along 
the optic axis by a factor of up to seven. The lateral resolution can be 
improved by modulating the illumination fi eld or by using the stimu-
lated emission depletion microscopy mode (STED), in which saturated 
excitation of a fl uorophor produces nonlinear effects allowing the dif-
fraction barrier to resolution to be broken.

For the scanning near-fi eld probes new possibilities arise. Although 
restricted to the surface (the site of most chemical activity) and requiring 
in some cases complex image interpretation, damage is reduced, while 
the subångström resolution normal to the surface is unparalleled. The 
method is also conveniently combined with spectroscopy. Early work 
was challenged by problems of reproducibility and tip artifacts, but 
Chapters 14–17 in this book show the truly remarkable recent progress 
in surface science, materials science and biology. Chapter 14 (Nikiforov 
and Bonnell) describes the various modes of atomic force microscopy 
which can be used to extract atomic-scale information from the surfaces 
of modern materials, including oxides and semiconductors. Work-func-
tions can be mapped out (a Kelvin probe with good spatial resolution) 
and a variety of useful signals obtained by modulation spectro scopy 
methods. In this way maps of magnetic force, local dopant density, 
resistivity, contact potential and topography may be obtained. Chapter 
15 (Sutter) describes applications of the scanning tunneling microscope 
(STM) in materials science, including inelastic tunneling, surface struc-
ture analysis in surface science, the information on electronic structure 
which may be extracted, atomic manipulation, quantum size and sub-
surface effects, and high temperature imaging. Weierstall, in Chapter 
16, reviews STM research at low temperatures, including a thorough 
analysis of instrumental design considerations and applications. These 
include measurements of local density-of-states oscillations, energy 
dispersion measurements, electron confi nement, lifetime measure-
ments, the Stark and Kondo effects, atomic manipulation, local inelastic 
tunneling spectroscopy, photon emission, superconductivity and spin-
polarized tunneling microscopy. Finally, in Chapter 16, Amrein reviews 
the special problems that arise when the atomic force microscope (AFM) 
is applied to the imaging of biomolecules; much practical information 
on instrumentation and sample preparation is provided, and many 
striking examples of cell and macromolecule images are shown.

We include two chapters on unconventional “lensless” imaging 
methods—Chapter 18 (Dunin-Borkowski, Kasama, McCartney and 
Smith) deals with electron holography and Chapter 19 with diffractive 
imaging. Gabor’s original 1948 proposal for holography was intended 
to improve the resolution of electron microscopes, and only recently 
have his plans been realized. Meanwhile, electron holography using 
Möllenstedt’s biprism and the Lorentz mode has proved an extremely 
powerful method of imaging the magnetic and electrostatic fi elds 
within matter. Dramatic examples have included TEM movies of super-
conducting vortices as temperature and applied fi elds are varied, and 
ferroelectric and magnetic domain images, all within thin self-
supporting fi lms. Chapter 19 (Spence) describes the recent develop-
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ment of new iterative solutions to the non-crystallographic phase 
problem, which now allows diffraction-limited images to be recon-
structed from the far-fi eld scattered intensity distribution. This has 
produced lensless atomic-resolution images of carbon nanotubes 
(reconstructed from electron microdiffraction patterns) and phase con-
trast images from both neutron and soft X-ray Fraunhofer diffraction 
patterns of isolated, non-periodic objects. In this work, lenses are 
replaced by computers, so that images may now be formed with any 
radiation for which no lens exists, free of aberrations. Our volumes end 
with a chapter by van Aert, den Dekker, van Dyck and van den Bos on 
the defi nition of resolution in all its forms.

Coverage has been limited to high-resolution methods, with the 
result that some important new microscopies have been omitted (such 
as magnetic resonance imaging (MRI), projection X-ray tomography, 
acoustic imaging etc.). Field-ion microscopy and near-fi eld optical 
microscopy are also absent. Conversely, although there is no chapter 
on tomography in materials science, we must mention the rapid pro-

atomic reconstruction by J. Cha, M. Weyland and D. Muller of a carbon 
nanotube to which gold clusters are attached (see fi gure). For further 
information on this branch of tomography, see Midgley and Weyland 

The ingenuity and creativity of the microscopy community as 
recorded in these pages are remarkable, as is the spectacular nature of 
the images presented. Neither shows any signs of abating. As in the 
past, we fully expect major advances in science to continue to result 
from breakthroughs in the development of new microscopies.

Peter W. Hawkes
John C.H. Spence

A projection from a three-dimensional image of a carbon nanotube with gold 
clusters attached. This was reconstructed by taking a series of projected STEM-
ADF images at different tilt angles. A faceted gold cluster is shown in the inset. 
Electron tomography makes it possible to study the three-dimensional nano-
tube–metal contact geometry which determines the electrical contact resis-
tance to the nanotubes (courtesy of J. Cha, M. Weyland, and D. Muller, 2006).

(2003), Midgley (2005), Weyland et al. (2006) and Kawase et al. (2007).

gress of these techniques, which has culminated in a remarkable near-
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Note on the second printing 
 

considerable progress has been made in many forms of microscopy. 
These are indicated in the additional comments and references at the 
ends of the chapters. One technique that was not accorded a chapter in 
the first printing has come of age in 2007. This is scanning ion 
microscopy. Although attempts to use ions in a scanning instrument 
go back to the 1960s (e.g., Drummond and Long, 1967; Martin, 1973), it 
is only very recently that technical progress has resulted in a high-
resolution commercial instrument (the ORION helium ion microscope 
released by Carl Zeiss in 2007).  The secret of this advance lies in the 

an atomic triad or a single atom at its apex and operates at liquid-

0.3 eV and the brightness is of the order of 109 A/cm2 sr.  The current 
is, however, very low, in the femtoampère or picoampère range and 
thus considerably less than that in a STEM. Earlier scanning ion 

exceeded 10 nm. For the background to this development, see Ishitani 
and Tsuboi (1997), Sakai et al. (1999), Ishitani and Ohya (2003) and 

Griffin and Joy (2007) and Joy et al. (2007). 
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1
Atomic Resolution Transmission 

Electron Microscopy

1 Introduction and Historical Context

1.1 Introduction

High-Resolution Transmission Electron Microscopy (HRTEM) uses a 
self-supporting thin sample (typically tens of nanometes) illuminated 
by a highly collimated kilovolt electron beam. A series of magnetic 
electron lenses image the electron wavefi eld across the exit face of the 
sample onto a detector at high magnifi cation. HRTEM has evolved 
from initial instrumentation constructed by Knoll and Ruska (1932a–c) 
to its current state where individual atom columns in a wide range of 
materials can be routinely imaged (Smith, 1997; Krakow et al., 1984) 
using sophisticated computer-controlled microscopes (Figure 1–1). For 
this reason HRTEM now occupies a central place in many characteriza-
tion laboratories worldwide and has made a substantial contribution 
to key areas of materials science, physics, and chemistry [for key exam-
ples showing its wide ranging infl uence see the frontispiece in the book 
by Spence (2002)]. Instrument development for HRTEM also supports 
a substantial commercial industry of manufacturers (Hall, 1966; 
Hawkes, 1985; Fujita, 1986).1

Numerous HRTEM studies of bulk semiconductors (Smith and Lu, 
1991; Smith et al., 1989), defects (Figure 1–2) (Olsen and Spence, 1981), 
and interface structures (Figure 1–3), (Bourret et al., 1988; Gutekunst 
et al., 1994) in these materials, of metals and alloys (Penisson et al., 
1988; Krakow, 1990; Ishida et al., 1983; Amelinckx et al., 1993; Thomas, 
1962), and of ceramics, particularly oxides (Lundberg et al., 1989; Buseck 
et al., 1989), have been reported in a vast literature spanning four 

 1 We note that HRTEM has also made substantial contributions to structural 
biology (see, Burge, 1973; Unwin and Henderson, 1975; Henderson, 1995; 
Koehler, 1973, 1978, 1986 for reviews of selected representative examples from 
this fi eld; see also Chapter 7 by Plitzko and Baumeister in this volume). 
However, due to limitations of space we will not consider this aspect 
further.

Angus I. Kirkland, Shery L.-Y. Chang and John L. Hutchison
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Figure 1–1. A modern 200-kV HRTEM 
fi tted with a (a) fi eld emission gun, 
(b) probe and (c) image forming aber-
ration correctors, and (d) an omega 
geometry energy fi lter.

Figure 1–2. HRTEM image of a [110] oriented 
CVD deposited diamond fi lm showing twins, 
stacking faults, and nanograins. Note the local 
disorder at the intersection of the stacking faults 
and twins.

A.I. Kirkland et al.
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decades (for additional general reviews see Buseck et al., 1989; Smith, 
1997; van Tendeloo, 1998; Spence, 1999). An excellent collection of rep-
resentative HRTEM images can be found in Shindo and Hiraga (1998). 
More recently HRTEM has become an essential tool in the characteriza-
tion and discovery of nanoscale materials (Figure 1–4) (see, for example, 
Iijima, 1991; Yao and Wang, 2005). Of crucial importance in all of these 
areas is the ability of HRTEM to provide real-space images of the 
atomic confi guration at localized structural irregularities and defects 
in materials, that are inaccessible to broad-beam bulk diffraction 
methods and that largely control their properties.

Advances in instrumentation for HRTEM over the same timescale 
have enabled this information to be recorded with increasing resolu-
tion and precision leading to improvements in the quantifi cation of the 
data obtained.

Figure 1–3. (a) HRTEM image of a lattice 
matched heterojunction between InP and (Ga, 
In)As. At the defocus used and for this particu-
lar foil thickness differences in scattering 
between these two isostructural materials allows 
them to be distinguished. (b) HRTEM image of 
a heterojunction between InAs and (In, As)Sb 
that have a signifi cant lattice mismatch. In this 
case the lattice misfi t is accommodated as a 
regular array of Lomer dislocations marked.
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This chapter concentrates on HRTEM at atomic resolution. Following 
a brief historical overview of the development of HRTEM (for a more 
detailed article outlining key events in the history of electron micro-
scopy see Haguenau et al., 2003) we begin by outlining some of the 
theory pertinent to image formation at high resolution and the effects 
on recorded images of the aberrations introduced by imperfect objec-
tive optics. We also provide various defi nitions of resolution.

The second section surveys the key instrumental components affect-
ing HRTEM and provides an outline of currently available solutions. 
The fi nal section describes computational approaches to both the 
recovery of the specimen exit-plane wavefunction (coherent detection) 
from a series of images and methods available for HRTEM image 
simulation.

1.2 Historical Summary

Historically, the resolving power of the electron microscope rapidly 
matched and then exceeded that of the optical microscope in 1934 
(Ruska, 1934). However, further improvements in resolution proved 
relatively slow due to the need to identify and overcome various instru-
mental limitations (see later).

The fi rst subnanometer lattice-fringe images were obtained in the 
1950s (Menter, 1956) from phthalocyanine crystals and this was later 
extended to lattice images of metal foils showing crossed fringe pat-
terns (Komoda, 1966).

Concurrently, the fi rst published HRTEM images of complex transi-
tion metal oxides provided preliminary evidence that many of these 
(specifi cally those of Mo, W, Ti, and V) were not perfect structures 
(Allpress et al., 1969; see also Buseck et al., 1989, for a review). These 
observations of planar faults in oxides possibly represent the fi rst occa-

Figure 1–4. HRTEM image of a nanocrystalline gold particle supported on a 
{111} cerium oxide surface. The gold particle shows an almost perfect cubeoc-
tahedral morphology and both particle and substrate are in an epitaxial [110] 
orientation despite the large lattice mismatch.

A.I. Kirkland et al.
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sion in which useful information at the atomic level was provided by 
HRTEM. This work created much interest among solid-state chemists, 
who for the fi rst time saw a new scientifi c tool that would enable them 
to overcome the barriers to structural determinations of these materials 
imposed by their large unit cells and often extensive disorder. It also 
immediately provided an explanation for nonstoichiometry in these 
materials and entirely changed the way in which thermodynamic 
properties of oxides were modeled.

The work summarized above was possible with the typical instru-
mental resolutions available in most laboratories at that time. However, 
it was not until this improved that it became possible to resolve indi-
vidual cation columns in these and certain other classes of material. In 
the 1970s the fi rst images showing the component octahedra were 
published (Cowley and Iijima, 1972) with a resolution of 0.3 nm for a 
series of mixed Ti–Nb structures that demonstrated a direct correspon-
dence between the lattice image and the projected crystal structure.

The typical spatial resolution (slightly better than ca. 0.5 nm) pro-
vided by most commercial instruments in the 1960s and 1970s was 
largely limited by mechanical and electrical instabilities. Subsequent 
improvements in instrument design and construction led to a genera-
tion of microscopes becoming available in the mid 1970s with point 
resolutions of less than 0.3 nm operating at intermediate voltages 
around 200 kV (Uyeda et al., 1972). Toward the end of this period the 
dedicated 600 kV Cambridge HREM (Cosslett et al., 1979) and several 
other high-voltage instruments also became operational (Hirabayashi 
et al., 1982), providing a resolution somewhat better than 0.2 nm.

The following two decades saw further signifi cant improvements in 
microscope design with dedicated high-resolution instruments being 
produced by several manufacturers. One outcome of these develop-
ments was the installation of commercial high-voltage HRTEMs (oper-
ating at ca. 1 MV) in several laboratories worldwide (Gronsky and 
Thomas, 1983; Matsui et al., 1991). These machines were capable of 
point resolutions of ca. 0.12 nm, signifi cantly higher than that available 
in intermediate voltage instruments. Concurrently, commercial instru-
ment development also started to concentrate on improved intermedi-
ate voltage instrumentation (at up to 400 kV) (Hutchison et al., 1986) 
with interpretable resolutions between 0.2 and 0.15 nm.

In the 1990s further progress was made in improving resolution 
through a combination of key instrumental and theoretical develop-
ments. For the former the successful design and construction of 
improved high-voltage instrumentation (Phillip et al., 1994; Allen and 
Dorignac, 1998) demonstrated interpretable resolutions close to the 
long sought after goal of 0.1 nm. Perhaps more signifi cantly, fi eld emis-
sion sources became widely available on intermediate voltage micro-
scopes (Honda et al., 1994; Otten and Coene, 1993) improving the 
absolute information limits of these machines to values close to the 
point resolutions achievable at high voltage.

This new generation of instruments also led to renewed theoretical 
and computational efforts aimed at reconstructing the complex speci-
men exit wavefunction using either electron holograms (Lichte, 1991; 
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Orchowski et al., 1995) or extended focal or tilt series of HRTEM images 
(see later). These latter “indirect” approaches extended the interpreta-
ble resolution beyond conventional axial image limits and provided 
both the phase and modulus of the specimen exit wavefunction, free 
from effects due to the objective lens rather than the aberrated intensity 
available in a conventional HRTEM image.

The latest instrumental developments have seen the successful com-
pletion and testing of the necessary electron optical components for 
direct correction of the spherical aberration present in all electromag-
netic round lenses and these corrected instruments are now capable of 
directly interpretable resolutions close to or below 0.1 nm at intermedi-
ate voltages.

2 Essential Theory

In this section we outline some of the essential theory required for 
understanding HRTEM image contrast. Many of the topics described 
here are treated in more detail elsewhere (see, for example, Spence, 
2002; Reimer, 1984, 1997; Hawkes and Kasper, 1996; Ernst and Rühle, 
2003) (for the latter see Chapter 2 in particular) and only selected 
frameworks directly relevant to HRTEM imaging using modern instru-
mentation are discussed further.

We begin with a general review of the essentials of the HRTEM 
image formation process and subsequently treat the key areas of reso-
lution, and the effects of the objective lens and source in more detail.

2.1 Image Formation

As shown schematically in Figure 1–5 (from a simplifi ed ray optical 
perspective and from a wave optical perspective as described subse-
quently) the overall process in the formation of an HRTEM image 
involves three steps.

1. Electron scattering in the specimen.
2. Formation of a diffraction pattern in the back focal plane of the 

objective lens.
3. Formation of an image in the image plane.2

To understand the relationship between contrast recorded in an 
HRTEM image and the atomic arrangement within the specimen it is 
essential to develop theoretical frameworks describing each of these 
steps.

To describe the general case (of arbitrary specimens) each of the 
above steps requires a complex mathematical and computational treat-
ment that is outside the scope of the section (comprehensive accounts 
can be found elsewhere, e.g., Spence, 2002; Buseck et al., 1989; Cowley, 

 2 Although not formally derived here it can easily be shown that the specimen, 
back focal, and image planes are mathematically related by Fourier transform 
operations.

A.I. Kirkland et al.
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1975; Reimer, 1997; Ernst and Rühle, 2003; Hawkes and Kasper, 1996). 
We therefore restrict ourselves to treatment of the simplest cases for 
illustrative purposes and subsequently follow the nomenclature and 
sign conventions given in Spence (2002).

For thin specimens, neglecting absorption, the effect of the specimen 
on an incident electron wave is to alter only its phase leaving the 
amplitude unchanged. Under this phase object approximation (POA), 
which ignores Fresnel diffraction within the specimen but includes the 

Figure 1–5. (a) Schematic optical ray diagram showing the principles of the 
imaging process in HRTEM and indicating the reciprocal relationships 
between specimen, diffraction and image spaces. (b) Schematic diagram illus-
trating the wave optical relationship between the recorded image intensity in 
HRTEM and the specimen exit-wave through the objective lens aberration 
function.
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effects of multiple scattering, the specimen exit-wave complex ampli-
tude can be written as

 ψ σφe p, ,( ) exp{ ( )}x y i x y= −  (1)

where σ is an interaction constant given by

 σ π λ= 2 2me hr  (2)

in which both m and λr are relativistically corrected values of the

electron mass and wavelength and φ φp , ,=
−∫ ( )x y z dz

t

t

2

2
 is the two-

dimensional projection of the specimen potential along the beam direc-
tion. The interaction constant decreases with accelerating voltage (with 
values of 0.00729 V−1 nm−1 at 200 kV decreasing to 0.00539 V−1 nm−1 at 
1000 kV), whereas the specimen inner potential generally increases 
with atomic number, although this also depends on the density (Shindo 
and Hiraga, 1998) (Table 1–1).

Equation (1) shows that within this model the effect of the specimen 
is to advance the phase of the electron wave by σφp(x,  y) over the wave 
in vacuum. For suitably thin specimens of low atomic number the 
values of the mean inner potential are such that this phase advance is 
small and hence the exponential term in Eq. (1) can be expanded and 
approximated as3

 ψ σφe p, ,( ) ( )x y i x y≈ −1  (3)

in the weak phase object approximation (WPOA), which assumes kine-
matic scattering within the specimen requiring that the intensity of the 
central unscatttered beam is signifi cantly stronger than that of the dif-
fracted beams.

It is important to note that both of the above formulations are projec-
tion approximations such that atoms within the specimen can be 
moved along the incident beam direction without affecting the exit 
wavefunction.

 3 Strictly it is the variation in the phase change produced by different parts 
of the specimen that is important, which supports this approximation.

Table 1–1. Mean inner potential of representative materials in 
volts.
Element Z (atomic number) Mean inner potential (V)

C  6 7.8 ± 0.6

Al 13 13 ± 0.4

Si 14 11.5

Cu 29 23.5 ± 0.6

Ge 32 15.6 ± 0.8

Au 79 21.1 ± 2

A.I. Kirkland et al.
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The complex amplitude of the scattered wave in the back focal plane 
of the objective lens is given by the Fourier transform of Eq. (3). With 
φp(x,  y) real this gives

 ψ δ σ φd p, , ,( ) ( ) { ( )}u v u v i F x y= −  (4)

Equation (4) is subsequently modifi ed by the presence of a limiting 
objective aperture and by phase shifts introduced by the objective 
lens.

The former can be included through the simple function

 
(5)

The phase shifts introduced by the objective lens are parameterized 
by the coeffi cients of a wave aberration function, W(u, v), which is 
treated in detail in a subsequent section.

Thus, including aperture and lens effects the complex amplitude, 
under the WPOA, is given by

 (6)

A further Fourier transform of Eq. (6) fi nally gives the image ampli-
tude (in the image plane) as

 (7)

 

I x y x y x y( ) ( ) *( ), , ,i i= ψ ψ
(8)

The above expression shows that for this simplest theory the image 
contrast is proportional to the projection of the specimen potential 

instrument.
Detailed treatment of the latter requires the inclusion of the effects 

due to the partial coherence of the electron source, which acts to damp 
higher spatial frequencies (see later), and of the detector, which also 

tion (see later).

φp(x, y) complex.
This complex projected specimen potential (Cowley and Pogany, 

1968) provides a description of the attenuation of the image wavefeld 
through either scattering outside a limiting aperture or more usefully 

tic processes (Yoshioka, 1957).

x y |k| ≤ r .

P (kx,ky) = 0 |k| ≥ r .

P (k ,k ) = 1

′
d x y x y p x y x y

ψi(x, y) = 1− iσ {φp(−x, y)}F{P (kx, ky) exp[iW (kx,ky)]}.

convolved with an impulse response function arising from the 

Since the cosine terms in the expansion of equation (7) cancel, the 

ψ (k ,k ) = δ(k , k )− iσF{φ (x, y)}P (k ,k ) exp[iW (k ,k )].

recorded image intensity, to fi rst order, is

≈ 1 + 2σφp(−x,−y) ∗ F{sin[W (kx, ky)]P (kx, ky)}.

modifi es the recorded contrast through its modulation transfer func-

for unfi ltered HRTEM by the depletion of the elastic wavefeld by inelas-

A useful modifi cation to the above treatment makes the potential 
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A number of further extensions to this basic treatment have previ-
ously been proposed to overcome the limitations of a projection 
approximation in the thick phase grating approximation (Cowley 
and Moodie, 1962). We do not give a detailed derivation here but 
note that this approximation successfully accounts for multiple 
scattering and a degree of curvature of the Ewald sphere (Fresnel 
diffraction within the specimen) and is thus more generally 
applicable to HRTEM imaging under less restrictive conditions than 
the WPOA.

The projected charge density (PCD) approximation is an alternative 
extension that provides a tractable analytic expression for the image 
intensity including the effects of multiple scattering (unlike the 
weak phase object) but retaining the restriction of a projection 
approximation.

Starting from the expression for the specimen exit-wave complex 
amplitude given by the POA in the absence of an objective aperture 
and with no wave aberration function we can write

 ψ σφe p, ,( ) exp{ ( )}x y i x y= −  (9)

by Fourier transformation of the above as

 (10)

1

the Fourier transform of exp[iσφp(x, y)].
Thus the image amplitude (in the image plane) is given by

 (11)

then

 (12)

Applying this result the image amplitude is given by
 

ψ σφ λ π σφ
σ

i p 1 p, , C ,( ) exp[ ( )] {exp[ ( )]}

exp[

x y i x y i i x y

i

= − − ∇ −
= −

∆ 4 2

φφ λσ π σφ

σ φ φ
p 1 p

p p

, C ,

, ,

( )] ( )exp[ ( )]

{ ( ) ( )}

x y i i x y

x y i x y

+ −

× ∇ + ∇

∆ 4
2

 

(13)

which yields an image intensity to fi rst order as

 I x y x y( ) ( ) ( ), C ,1 p≈ − ∇1 2 2∆ λσ π φ  (14)

From Poisson’s equation ∇2φp(x, y) = −ρp(x, y)/ε0ε we fi nally obtain

 (15)

in which ρp(x, y) is the projected total charge density including the 
nuclear contribution.

A.I. Kirkland et al.

ψd(kx,ky) = F{exp[−iσφp(x, y)]} exp[iπ∆C1λ(u2 + v2)]

≈ Φ(kx,ky)[1 + iπ∆C1λ|k|2].

A standard theorem from Fourier analysis is now used (Bracewell, 
1965), which states that if f(x, y)and Φ(u, v) are a Fourier transform pair 

x y

ψi(x, y) = exp(−iσφp(x, y)) + iπ∆C1λF−1{(k2
x + k2

y)Φ(kx,ky)}.

F−1{(k2
x + k2

y)Φ(kx, ky)} = − 1
4

π2[∇2f(x, y)].

I(x, y) = 1 + (∆C1λσ/2πε0ε)ρp(x, y).

if only a small defocus, ∆C , is allowed and where Φ(k , k ) represents 

The amplitude in the back focal plane of the objective lens is given 
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Historically, the restriction of limited defocus and no spherical 
aberration (or other uncorrected aberrations) meant that the applica-
tion of the PCD approximation was restricted to relatively low resolu-
tion imaging. However, this approximation would now seem to be 

resolution (O’Keefe, 2000). Finally, we note that this theory has also 

Further extensions to the models outlined above require solution of 

1983; Jap and Glaeser, 1978; van Dyck, 1983; van Dyck and Coene, 1984; 

of HRTEM images, to a large extent due to its computational effi ciency 
compared to alternative methods (van Dyck and Op de Beeck, 1994) 
such as Bloch wave calculations, and this is therefore outlined in a 
subsequent section.

2.2 Resolution Limits

Unlike their optical equivalents there is no simple measure of resolu-
tion for the electron microscope, as the resolution depends on both the 
instrument and also on the scattering properties of the sample used.4

The ultimate resolution of any optical system is the diffraction limit 
imposed by the wavelength of the radiation, λ, and the aperture angle 
of the objective lens, α, and the refractive index, n, which can be for-
malized through Abbe’s equation as5

 r k nd = λ αsin( )  (16)

However, due to imperfections in the objective lens and limited 
coherence (as discussed subsequently) experimental resolution limits 
are far lower than that set by Eq. (16) and hence a “single fi gure” defi ni-
tion of resolution for HRTEM is not possible.

Two independent defi nitions of attainable resolution are commonly 
used, defi ned, respectively, by the key optical properties of the objec-
tive lens and those of the source.

 4 For a more detailed treatment of resolution see Chapter 20 by van Aert et 
al. in this volume.
 5 The value of the constant k lies between 0.6 and 0.8 depending on the 
coherence of the illumination.

Coene and van Dyck, 1984a,b; Hirsch et al., 1965; Stadelmann, 1987, 

Moodie, 1974) has been most commonly employed for the simulation 

the dynamic electron diffraction problem using one of several possible 
computational algorithms, a description of which is outside the scope 

1991; Spence and Zuo, 1992; Chen and van Dyck, 1997; Kirkland, 1998; 

of this section (Goodman and Moodie, 1974; Cowley, 1975; Self et al., 

objective aperture.

lation the multislice algorithm (Cowley, 1959a–c, 1975; Goodman and 
Ernst and Rühle, 2003). However, for generalized HRTEM image simu-

due to higher order lens aberrations and the presence of a limiting

in which these restrictions can be experimentally achieved at high 

been modifi ed (Lynch et al., 1975;  Chang, 2000) to include the effects

ideal for the interpretation of aberration corrected images (see later) 
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The fi rst of these is the “directly interpretable” or Scherzer limit 
(Scherzer, 1949) or point resolution, which defi nes the maximum width 

phase reversal, and is determined by the coeffi cients of the wave aber-
ration function of the objective lens (see later).

Ignoring the phase shifts due to higher order aberrations (see later) 

 (17)

For HRTEM this defi nes a focus setting (Scherzer, 1949) that offsets 

6

 C C1 3
1 21 2,Scherzer = − . ( )λ  (18)

max 3
3 −1/4.

The reciprocal gives the point resolution as

 d C1 = 0 625 3 1 4. ( )λ  (19)

(Figure 1–6).7

spherical aberration, and for this reason high-voltage instrumentation 
(see earlier) has, until recently, been the preferred route to achieving 
higher interpretable resolutions.

the image intensity. This is determined by the effects of spatial and 
temporal coherence (see later) in the illumination and by mechanical 
instabilities and acoustic noise that also act to damp the transfer of 
higher spatial frequencies.

 6 In this defi nition of the Scherzer focus, the passband in the CTF contains 
a local minimum = 0.7. The original defi nition, C1,Scherzer = (C3λ)1/2, avoids a local 
minimum in the passband at the cost of a slightly poorer point resolution ρS 
= 0.707(C3λ3)1/4.
 7 The above defi nitions of point resolution assume a fi xed positive C3. Variable 
C3 in corrected microscopes modifi es these results as detailed in a subsequent 
section.

A.I. Kirkland et al.

due to defocus and spherical aberration is given by

3

wavelength has a greater effect than an equivalent decrease in the 

 = 1.6(C λ )

defocus (or its extended variant) will have components that are 

table resolution limit (Cowley and Iijima, 1972; Hanßen, 1971). For 

3

the specimen extending to spatial frequencies  equal to the interpre-

which leads to a broad band of phase contrast transfer without zero 

higher spatial frequencies up to that defi ned by the information limit 

spatial frequency transferred from the specimen exit wavefunction to 

the contrast is partially reversed as the PCTF starts to oscillate 

sin W (k) = sin{πC1λ|k|2 + π
2

C3λ
3|k|4}.

the phase contrast transfer function (PCTF) (Hawkes and Kasper, 1996)

of a pass band transferring all spatial frequencies from zero, without 

the phase shift due to spherical aberration, C  through a suitable choice 

crossings (Figure 1–6) up to a frequency of k

of defocus:

directly proportional to the (negative of) the projected potential of 

Thus, HRTEM images of thin specimens recorded at the Scherzer 

Given the form of Eq. (19) it is evident that a decrease in electron 

The  higher resolution, the information limit, define s the highest
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Figure 1–6. Phase contrast transfer functions (PCTFs) plotted in one dimension (a and b) and two 
dimensions (c and d) calculated for a modern 300-kV FEGTEM illustrating the interpretable resolution 
(d1) and information limits (d2). (a and c) calculated at the Scherzer defocus (−34.4 nm) (b and d) cal-
culated at the higher Lichte underfocus (−174.4 nm). In all cases CTFs are calculated for 300 kV, C3 = 
0.6 mm, ∆E = 0.8 eV, beam divergence = 0.1 mrad and the interpretable and information limits are 
indicated.



16

As will be discussed in detail in a subsequent section the effects of 
temporal and spatial coherence (see also Hawkes and Kasper, 1996) can 
be treated through respective envelope functions of form

 E q C C
f

s

) }

( ) exp{ ( ) }k k k= − +π λ λ

2 2 2 2

2
0
2

1 3
3 3 2  

(20)

in which the expression for the spatial envelope includes only defocus 
and spherical aberration, with q0, the standard deviation of a Gaussian 
modeling the convergent cone of illumination at the specimen surface, 
and where

 ∆ = + +



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C
V

V
I

I
E

V
c

σ σ σ2
0

0
2

2
0

0
2

2
0

0
2

1 24( ) ( ) ( )  (21)

In Eq. (21) Cc is the chromatic aberration, E0 is the spread in electron 
energies arising from the source, V0 is the accelerating voltage, and I0 
is the objective lens current, which affects the objective lens magnetic 
fi eld (O’Keefe, 1992).8,9

The form of these distributions is far less important than their width 
and in general, as above, Gaussian distribution functions are used, as 
this makes any further derivation analytically tractable.10,11

The form of these two envelope functions leads to defi nitions of 
information limits in which the information transfer drops to a level 
of exp(−2) or 13.5% given by (O’Keefe and Pitt, 1980).
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(22)

However, it should be noted that the limit defi ned by d3 increases with 
defocus and does not therefore defi ne an absolute information limit 

 8 The last term is written here in terms of the objective lens current I0 
following convention. However, this is not strictly correct, particularly if the 
lens is operated close to saturation where the magnetic fi eld is not proportional 
to the current.
 9 It may seem surprising that the objective lens current infl uences the 
variation of focus only in the presence of chromatic aberration. However, this 
is due to the general scaling rule that electron trajectories are identical when 
energy and magnetic fi eld are changed according to E′ = k2E and B′ = kB. 
Hence, in a microscope corrected for chromatic aberration, the focus cannot 
be changed by changing the currents in all lens elements by the same factor.
10 For the defocus spread, the terms due to voltage and lens current instabilities 
are well described by Gaussian function, whereas the intrinsic source energy 
spread would be more accurately described by a Maxwellian distribution for 
thermionic emitters or the Fowler–Nordheim equation (Fowler and Nordheim, 
1928) for fi eld emitters.
11 The above defi nition of δ assumes that the fl uctuations are independent of 
each other.

A.I. Kirkland et al.

k− π λ∆ (E (k) = exp 0.5{
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per se. In particular, for the case of fi eld emission sources where the 
source size is small, the spatial coherence is not limiting and thus the 
information limit due to temporal coherence determines the informa-
tion limit for all defoci.

2.3 The Wave Aberration Function

The key optical component affecting HRTEM image formation is the 
objective lens and in this section we review its infl uence in terms of 
the wave aberration function (see also Hawkes and Kasper, 1996).

For an ideal lens, a point object at a position (x, y) in the object plane 
leads to a spherical wavefront in the diffraction plane, contracting to a 
conjugate point in the image plane.12 However, all electromagnetic 
lenses suffer from aberrations causing deviations from this ideal spher-
ical wavefront thus reducing the sharpness of an image point much 
more severely than the diffraction limit.

For HRTEM, a wave aberration function W(u, v) is therefore defi ned 
that describes the distance between the ideal and actual wavefronts in 
the diffraction plane as a function of the position of the point object in 
the diffraction plane, (u, v) (Saxton, 1995) (Figure 1–7).13

The wave aberration function, W(ω), written in terms of a complex 
position variable ω = u + iv can be Taylor expanded to 3rd order in 
terms of the axial aberrations as

Figure 1–7. Schematic diagram showing the origin of the wave aberration 
function, W(u,v), which describes the complex deviation from an ideal spheri-
cally diffracted wave.

12 For a pure phase object this condition would, however, lead to lead to zero 
contrast at the Gaussian focus.
13 More rigorously W is a function of both position of the point object in the 
diffraction and image planes, i.e., W(x, y, u, v). However, HRTEM experiments 
are carried out at high magnifcation and hence the feld of view is small 
and the dependence of W on (x, y) can be neglected in the isoplanatic 
approximation.
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(23)

Converting to polar notation, with ω = keiφ, An = |An|eiαn and Bn = 
|Bn|eiβn, Eq. (23) can be more conveniently rewritten as

(24)

which makes the azimuthal and radial dependence of the various aber-
ration terms more apparent.

Table 1–2 lists the aberration coeffi cients important in HRTEM ignor-
ing those with a chromatic dependence.14

All of the aberration coeffi cients listed in Table 1–2 except C1 and C3 
are due to lens imperfections (either mechanical or electrical) and 
would not appear in a perfect round lens (Scherzer, 1949). However, 
they can be corrected using combinations of multipole fi elds of appro-
priate symmetry and in recent years this approach has enabled the 

Table 1–2. Isoplanatic aberration coeffi cients important for 
HRTEM.
Aberration Order in w Azimuthal symmetry Name and description

A0 1 1 Image shift

A1 2 2 Two-fold astigmatism

A2 3 3 Three-fold astigmatism

A3 4 4 Four-fold astigmatism

B2 3 1 Axial coma

S3 4 2 Axial star

C1 2 • Defocus

C3 4 • Spherical aberration

14 The seemingly counterintuitive notation (e.g., C1 in Table 1–2 for a second-
order term in the wave aberration fucntion stems from the ray-optical theory 
of Seidel aberrations (Hawkes and Kasper, 1989), which are described in 
terms of displacements of ray-path intersections with the image plane as a 
function of (u,v). These displacements are proportional to the gradient of the 
wave aberration function and hence an nth-order Seidel aberration corresponds 
to a term of order n + 1 in the wave aberration function.

A.I. Kirkland et al.
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Table 1–3. Accuracy of aberration coeffi cients.a

 Resolution Accuracy

Kmax (/nm-1) dmin (nm) A1, C1 (nm) A2, B2 (nm) A3, S3, C3 (mm) Tilt (mrad)

11 0.09 0.5  35  2.1 21

10 0.1 0.6  47  3.1 27

 9 0.11 0.8  64  4.8 38

 8 0.125 1.0  92  7.6 54

 7 0.14 1.3 137 13 80
a Accuracy to which the aberration coeffi cients need to be determined such that each of them causes a maximum 
RMS error in the wave aberration function of less that λ/16, i.e., a phase change of less than π/8 for a given target 
resolution. The values are calculated for an accelerating voltage of 300 kV (λ ≈ 2 pm). The necessary accuracy for 
the beam tilt τ is calculated from that for B2 using ∆τ = −∆B2/(3C3) with C3 = 0.57 mm.

correction of C3 using long hexapole fi elds (see later) (Rose, 1981, 1990; 
Haider et al., 1998c; Urban et al., 1999).

For HRTEM imaging the effects of the coeffi cients of the wave aber-
ration function are to introduce phase shifts in the image given by 
multiplying each term in W by 2π/λ. These phase shifts can also be 
used to estimate the maximum tolerable value in any coeffi cient for a 
particular target resolution (Table 1–3).

Few of the aberration coeffi cients defi ned above are directly observ-
able under axial illumination and their determination therefore relies 
on measurements taken as a function of known injected beam tilts.

If the illumination is tilted by an angle τ the new aberration coeffi -
cients up to C3 (marked with a prime) are given by
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(25)

From Eq. (25) it is immediately apparent that the shift A′0 − A0 
between two images taken at beam tilts differing by τ depends on all 
the other aberration coeffi cients. Hence, measuring the image shifts 
induced by a suitable set of beam tilts provides a method for measuring 
all coeffi cients.

Alternatively, the tilt-induced changes, C′1 − C1 and A′1 − A1 in defocus 
or two-fold astigmatism measured from diffractograms (Figure 1–8), 
depend on A1, C1, A2, B2, and C3, thus providing an alternative measure 
of these coeffi cients. If the spherical aberration is independently deter-
mined then measurement of the orientations only of diffractograms also 
provides another simple measure of A1, A2, and B2 (Saxton, 2000).

Measurements of diffractograms (Krivanek, 1976; Krivanek and 
Leber, 1994; Zemlin et al., 1978; Zemlin, 1979; Typke and Dierksen, 1995; 
Pan, 1998; Saxton, 1995) or image shifts (Typke and Dierksen, 1995; 
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Figure 1–8. Individual axial diffractograms calculated from HRTEM images of a thin amorphous 
germanium foil showing the effects odefocus (C1) and two-fold astigmatism (A1). (a) Axial image 
recorded at large underfocus with the two-fold astimatism corrected. (b) Axial image in the presence 
of a small amount of two-fold astigmatism giving rise to an elliptical diffractogram. (c) As for (b) but 
with a larger two-fold astigmatism giving rise to a “Maltese Cross”-shaped diffractogram showing 
overfocus and underfocus along the axes indicated. (d) Representative tableau of diffractograms 
recorded for a set of differently titled illumination conditions illustrating the variation in A1 and C1 
with illumination tilt. Each experimental diffractogram is shown merged with a simulated diffracto-
gram calculated from the fi tted values of A1 and C1. The illumination tilt axes are indicated.

A.I. Kirkland et al.
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Koster et al., 1987, 1989; Koster, 1989; Koster and de Ruijter, 1992; Saxton, 
1995), however, have their own particular experimental advantages 
and disadvantages.

A practical diffi culty with the application of tilt-induced displace-
ments arises from the measurement of the image shifts using the peak 
position in the cross-correlation function defi ned as

 XCF = −FT c c1
1 2[ * ]  (26)

The tilt-induced change in A0 introduces a linear phase variation in 
the cross spectrum c*1c2, which leads to a displacement of the XCF peak 
to a position given by the shift vector between the images. As already 
shown, the other imaging parameters also change as the beam is tilted 
and this causes the phase variation to become nonlinear at higher 
spatial frequencies and leads to distorted cross-correlation peaks. 
However, when the imaging conditions in both images are approxi-
mately known, these nonlinear phase shifts can be compensated and 
a sharp XCF peak can be recovered (Saxton, 1994; Kirkland et al., 1995). 
Shift measurements also fail for clean perfectly periodic specimens in 
which image positions differing by any integer multiple of a lattice 
vector cannot be distinguished. A more severe problem associated 
with the tilt-induced shift method is that any displacement due to 
specimen drift is indistinguishable from the tilt-induced displacement 
required and hence this approach is most frequently used at low reso-
lution or for initial coarse alignment at high resolution.

Conversely, diffractogram measurements require the presence of an 
area of thin disordered material and are thus less generally applicable. 
However, they are insensitive to specimen drift and their measurement 
is relatively straightforward even under tilted illumination conditions. 
Hence defocus and astigmatism measurements are best suited to fi ne 
adjustment at high resolution (Pan, 1998).

Historically the use of diffractograms for the determination of aber-
rations was fi rst suggested by Thon (1966) for the measurement of 
defocus from ring positions in an optically generated diffractogram. 
This method was later extended through the use of diffractogram tab-
leaus acquired with different beam tilt azimuths (Figure 1–8) to the 
measurement of the spherical aberration C3, axial coma B2, and three-
fold astigmatism A2 by Krivanek (1976) and Zemlin et al. (1978).

However, the diffractogram tableau method was computationally too 
demanding for routine use at this time and was used only to demonstrate 
that the alignment achieved from current reversal or voltage centering 
was inadequate as an alignment for HRTEM (Saxton et al., 1983).15

15 The current reversal center alignment involves reversing the current of the 
objective lens and is no longer practical with the strong lenses used in modern 
instruments. It should not be confused with the current center alignment, 
where the objective lens current is oscillated by a small amount. Similarly, in 
the voltage center alignment, the high tension is oscillated. Generally, the axes 
found by the three methods are distinct and the voltage center provides a 
workable approximation to the coma-free axis, but for HRTEM coma-free 
alignment is preferred.
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Fitting C1 and A1 to match simulated diffractogram patterns with 
experimental ones can be done manually to relatively high accuracy 
(Figure 1–8d; Chand, 1997). This, however, is a lengthy and tedious 
process and automation of this task is highly desirable. This problem 
has been addressed by Baba et al. (1987) and Fan and Krivanek (1990) 
in an algorithm where the diffractogram is divided into 32 sectors and 
the defocus along the directions in each sector is determined by cross-
correlating the rotational sector average with an array of theoretical 
diffractograms. The sinusoidal focus variation as a function of the 
azimuth angle obtained is subsequently fi tted to the measured focus 
values to determine C1 and A1 and automatic alignment can be achieved 
using a tableau with as few as four tilt azimuths.

More generally, the major challenges for implementing a robust auto-
mated diffractogram fi tting procedure are as follows:

1. The most abundant amorphous material in the microscope, carbon, 
is a weak scatterer. Hence, particularly at high spatial frequencies, 
the signal is weak compared to the noise background affecting 
overall diffractogram quality.

2. The strength of the observed signal depends on the object as well 
as on the phase contrast transfer function.

3. Diffractograms taken close to Scherzer or Gaussian defocus show 
few rings and are diffi cult to fi t.

4. In the presence of large two-fold astigmatism and at close to Gauss-
ian defocus the diffractograms are cross- rather than ring-shaped, 
which leads to diffi culties for algorithms based on the evaluation of 
rotationally averaged sectors of the diffractogram.

5. It is diffi cult to distinguish between overfocus and underfocus.
6. Most automated algorithms fail when a signifi cant amount of crys-

talline material is present, leading to strong refl ections at positions 
unrelated to the ring pattern.

More recently the advent of C3-corrected microscopes (see later) has 
made automated aberration measurement more important because the 
nonround lens elements introduce a multitude of high-order aberra-
tions (up to six-fold astigmatism) that require correction in an elaborate 
alignment procedure. Uhlemann and Haider (1998) have implemented 
an algorithm that can evaluate the apparent defocus and astigmatism 
from a diffractogram in less than 400 ms based on a comparison of the 
experimental diffractogram with an extensive library of precalculated 
diffractograms and is robust to disturbances from the presence of 
crystalline material.

However, given the limitations of both of these traditional methods 
an alternative method has also been proposed, which is both applicable 
to a wide range of specimens and suffi ciently accurate for use in atomic 
resolution imaging (Meyer, 2002; Meyer et al., 2002, 2004).

In this approach a phase correlation function (PCF) (Figure 1–9) (Kuglin 
and Hines, 1975) is initially calculated (defi ned as the conventional XCF 
with the modulus set to unity):
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where ci(k) are the image Fourier transforms and F(k) is a rotationally 
symmetric weighting factor used to suppress high-frequency noise. 
The modulus normalization is essential as it suppresses the crystal 
refl ections that make the conventional XCF periodic, thus allowing 
aberration measurement in the absence of amorphous material.

The PCF calculated between two images recorded at different defocus 
levels consists of a centrosymmetric ring pattern, the exact form of 
which depends on the relative defocus between them (assuming that 
the other aberration coeffi cients remain constant between the two 
images) (Figure 1–9). It is possible to compensate for the phase shifts 
giving rise to this ring pattern by the application of a phase factor 
dependent on the defocus difference, thus defi ning a phase compen-
sated PCF

 PCF FT F
W c c
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Figure 1–9. Comparison 
of a (a) cross- and (b) phase 
correlation functions (XFC 
and PCF) between two 
images of a crystalline 
material with a defocus 
difference of 69 nm. Due to 
the periodicity of the crys-
talline specimen, the XCF 
peak repeats periodically 
but the PCF dose not show 
this repetitive pattern and 
consists of a single peak 
broadened into a concen-
tric ring pattern due to the 
defocus difference.
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in which the very small positive number, h, prevents a zero denomina-
tor and where WD(k) = π∆C1λ|k|2 describes the propagation from the 
fi rst to the second image in the presence of only a defocus difference 
∆C1. When the value of ∆C1 matches the actual focus difference the 
phase compensated PCF collapses  to a sharp localized correlation 
peak. Hence the relative defocus difference between two images can 
be determined by simply maximizing peak height in the phase com-
pensated PCF as a function of the compensated defocus difference 
(Figure 1–10), which with subsequent refi nement can yield relative 
defoci to an accuracy better than 1 nm (Meyer et al., 2002).

In the second step an initial restored image wavefunction (see later 
for details of the restoration process), ψi(k), in the plane of a reference 
image is restored and the absolute values of A1 and C1 are determined 
using a phase contrast index function (PCI) fPCI given by
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Figure 1–10. Peak height of the PCF (solid line) and XCF (dashed line) (shown 
against the left hand side and right hand side scales) between two images as 
a function of compensated focus difference showing a sharp maximum at the 
correct compensating focus difference in the PCF.
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is the symmetric part of the wave aberration function defi ned earlier 
with trial parameters C1, A1 and fi xed spherical aberration C3. This func-
tion measures the conjugate symmetry in the corrected image wave-
function and has a value of +1 when this is conjugate antisymmetric 
and −1 when conjugate symmetric. Therefore under the weak phase 
object approximation when the trial values of C1 and A1 are correct the 
fPCI tends to 1 for all spatial frequencies, whereas for mismatched param-
eters, fPCI shows dark bands (Figure 1–11a–c). In practice, the correct 
values of C1 and A1 are readily determined from a plot of the fPCI aver-
aged over k (Figure 1–11(d)).

This general method is best implemented experimentally using a 
combined tilt-defocus dataset geometry as illustrated in Figure 1–12, 
which comprises a set of short focal series recorded at a number of tilt 
azimuths. This dataset is overredundant and can be used to calculate 
values of C1 and A1 for each of the recorded tilt azimuths using the 
PCF/PCI approach.

For all three measurement methods described, data recorded for a 
suitable number of defi ned illumination directions and magnitudes 
provide the full set of aberration coeffi cients (Meyer, 2002) and these 

Figure 1–11. Phase contrast index function fPCI. For mismatched values of C1 (a) −50 nm, (b) −10 nm, 
fPCI shows dark rings, whereas at the correct values of C1, fPCI is close to one (white) at all spatial fre-
quencies (c). (d) The fPCI averaged over k and plotted as a function of C1 showing a sharp maximum 
at the correct focus value of −128 nm. The values ∆C1 given in (a) to (c) are relative to this focus.
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can be conveniently and reliably determined in practice by least-squares 
fi tting of the parameters to be determined to the observations available. 
Where the injected tilt is known accurately the dependence of the 
observables on the aberration coeffi cients is linear yielding an easily 
found, unique solution (Saxton, 1995; Meyer et al., 2004). Alternatively, 
if the calibrations of the beam tilt coil magnitudes and orientations are 
not known, these unknowns can be fi tted in an additional nonlinear 
iterative minimization of the residual misfi t from the linear fi tting of 
the aberration coeffi cients (Saxton, 1995).

2.4 Coherence

As already described, contrast in a high-resolution image formed in an 
electron microscope arises from the interference of electron waves that 
have been scattered by the specimen. The degree to which these waves 
can interfere is often referred to as the degree of coherence (Born and 
Wolf, 1999). Hence, the degree of coherence is vital in determining 
high-resolution image contrast (for a review see Hawkes, 1978).

For all electron sources used in HRTEM imaging (Reimer, 1997), the 
source is only partially coherent (Hawkes and Kasper, 1996; Hawkes, 
1978). There are two aspects to this partial coherence: partial spatial 
coherence, due to the fi nite dimensions of the electron source (Born and 
Wolf, 1999), and partial temporal coherence, which is associated with the 
fi nite energy distribution of the source and fl uctuations in both the 
accelerating voltage and the objective lens current (Hanßen and Trepte, 
1971). The effect of this partial coherence of the source is to restrict the 
amount of information that can be extracted from high-resolution 
images (Frank, 1973; Wade and Frank, 1977; Hawkes, 1978). Thus, the 
source and the associated condenser lens system represent the second 
major optical component that directly affects HRTEM image contrast.

Frequently, the illumination system of the electron microscope is 
treated as an incoherently fi lled effective source (Hopkins, 1953, 1951) 
with an intensity distribution S(q). Within this model the effects of 

Figure 1–12. Schematic representation of the combined tilt/defocus dataset 
used for both aberration determination using the PCF/PCI approach and tilt 
azimuth reconstruction described in a subsequent section. A three member 
focal series is recorded for each of six different tilt azimuth angles and also 
for axial illumination. Image numbers refer to the experimental recording 
sequence designed to minimize hysteresis in the objective lens and beam tilt 
coils and to enable measurement of focus drift during acquisition.

A.I. Kirkland et al.



 Chapter 1 Atomic Resolution Transmission Electron Microscopy 27

partial spatial coherence on the HRTEM image intensity can be calcu-
lated by incoherent summation of intensities over all the incident 
angles from the effective source.16

For this source model the temporal partial coherence effect can also 
be treated incoherently (Hanßen and Trepte, 1971) and it is generally 
assumed that the spatial and temporal distributions of the source are 
not correlated (for a detailed treatment of the case in which this is not 
valid see Hawkes and Kasper, 1996). Under these conditions the image 
intensity can be written as

 (31)

in which the incoherent summations of the coherent image intensities 
at incident angles q and focus spread levels, f are weighted by the 
spatial and temporal intensity distributions S(q), F( f), respectively.

The individual coherent image intensities are thus given as the 
modulus square of the convolution of the Fourier transform of speci-
men exit wavefunction ψ(k,q) at an incident angle q and the objective 
lens aberration function W(k,C1 + f,q) with corresponding beam tilt and 
defocus. General computation of the image intensity therefore involves 
the full dynamical calculation of coherent image intensities over an 
equally spaced mesh of beam tilts, q and focal spread values, f. This is 
optimally tackled through the use of numerical Monte Carlo integra-
tion (Chang et al., 2005). A number of approximations may also be 
made that make this calculation more tractable and that provide ana-
lytical solutions.

For small beam tilts of the incident wave and for modest specimen 
thickness, the specimen exit wavefunction can be approximated as a 
single exit wavefunction at the mean incident illumination angle. 
A further approximation can also be made by expanding the aberra-
tion function to only fi rst order which is valid if the beam tilt and focal 
spread are small as typifi ed by many modern instruments. Using 
these approximations and assuming that the focal spread and beam 
divergence distributions are Gaussian with e−1 values of q0 and
respectively the image intensity can be written as (Ishizuka, 1980)

 (32)

with

 (33)

16 For cases in which this basic assumption does not hold the mathematical 
description of coherence is best treated in terms of the mutual dynamic object 
spectrum and associated mutual coherence function. This treatment is outside 
the scope of this section and an excellent overview can be found in Ernst and 
Rühle (2003).
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Figure 1–13. Moduli of the transmission cross-coeffi cient (TCC) functions defi ned in the text for 

(b) for a strong object. In both case the functions are shown for defoci ranging from −1 to −9 Scherzer. 
All calculations were carried out at 300 kV with C3 = 0.6 nm and with e−1 values of Gaussian beam 

The Fourier transform of Eq. (33) is given by the integral over all 
pairs of diffracted beams with T representing a transmission cross coef-
fi cient (TCC) (Figure 1–13). Within this expression for the TCC the fi rst 
exponential term describes the spatial coherence for a Gaussian spatial 
intensity distribution with an even aberration function. This term is a 

A.I. Kirkland et al.

divergence and focal spread distributions of 0.28 mrad and 4.7 nm, respectively (Chang, 2004).

combined spatial and temporal coherence and calculated under (a) the weak object approximation and 
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function of the square difference of the gradient of the aberration func-
tion at two spatial frequencies and allows maximum transfer when the 
slopes of the aberration function are identical at k1 and k2. The second 
exponential term describes the temporal coherence, and is a function 
of the square difference of the derivative of the aberration function 
with respect to the focus at two spatial frequencies. This function has 
maximum transfer when |k1| = |k2|.

only interference between the transmitted beam and diffracted beams 
is considered, the TCC can be further simplifi ed as (Wade and Frank, 
1977)

In this limit both spatial and temporal coherence functions for weak 
objects decrease with increasing spatial frequencies (Figure 1–13), and 
can be recognized as the simple damping envelopes described in an 
earlier section defi ning the information limit.

3 Instrumentation

This section describes certain aspects of instrumental design that are 
important for HRTEM in that they directly contribute to the resolution 
attainable. Inevitably, due to limitations of space, not all aspects are 
covered fully and the reader is referred to one of several dedicated texts 
on HRTEM and electron optics for more detailed treatments of indi-
vidual areas (Spence, 2002; Hawkes, 1972, 1982; Reimer, 1984, 1995; 
Hawkes and Kasper, 1989).

3.1 Electron Sources

For HRTEM electron sources have to fulfi ll a number of key require-
ments summarized as follows (Spence, 2002; Hawkes and Kasper, 
1989):

1. High brightness and coherence.
2. High current effi ciency.
3. Long life under available vacuum conditions.
4. Stable emission characteristics.
5. Low energy spread.

An ideal source would therefore provide independent control of the 
illumination intensity and coherence for any given illuminated area, a 
situation that is currently best approximated by fi eld emission 
sources.

For any source, the current, I, passing through an area, A, is propor-
tional to both A and to the solid angle subtended by the illumination 
aperture at the source (Reimer, 1984). A beam brightness can be defi ned 
as the constant of proportionality, β, in the above relationship and as 
the area and angle tend to zero this is given by

 β = I/πAθ2 (35)

2 2
0 1 3

3 3 2 2 2 2 2T (k) = exp[−iW (k)] exp{−π q (C λk + C λ k ) } exp[−π ∆ (λk /2) ].

If a further assumption of a weak scattering object is made, such that 

(34)
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for an aperture semiangle θ.
The effect of an ideal lens (Hawkes, 1982; Reimer, 1984; Hawkes and 

Kasper, 1989) below the source forming the illumination system is to 
reduce the current density by M2 but to increase the angular aperture 
by 1/M2. Thus, in the absence of any lens aberrations, the brightness 
remains constant at all conjugate planes in the microscope.

To compare different source types a theoretical brightness for a par-
ticular source can be expressed in terms of the emission current density 
at the cathode (fi lament), ρ, the cathode temperature, T, and the rela-
tivistic high voltage, V, as

 βm = ρeV/πkT (36)

although this requires optimal operating conditions and in practice is 
often reduced to lower values for thermionic sources of between 0.1 
and 0.5 βm. Table 1–4 lists values of βm together with other physical and 
operational characteristics for the four sources commonly used in 
HRTEM instruments.

Tungsten hairpin and LaB6 cathodes rely on thermionic emission of 
electrons, where at suitably high temperatures electrons in the tail of 
the Fermi distribution acquire suffi cient kinetic energy to overcome the 
workfunction of the cathode material. Tungsten hairpin sources are the 
oldest electron sources in commercial use but are only marginally 
useful for HRTEM and have largely been replaced by LaB6 cathodes 
(Ahmed and Broers, 1972) and more recently by fi eld emission sources 
(Honda et al., 1994; Otten and Coene, 1993). The choice of single crystal 
LaB6 cathodes as thermionic emitters for HRTEM is largely due to their 
higher brightness while still being operable under relatively poor 
vacuum conditions. They also have the advantage of operating at a 
lower temperature than W fi laments (due to a lower workfunction), 
thus providing lower energy spreads. For these reasons until the rela-
tively recent availability of commercial fi eld emission sources LaB6 
cathodes were most widely deployed for HRTEM.

Table 1–4. Physical properties of modern electron sources important for HRTEM.a

  Measured
 Virtual brightness Energy Melting Vacuum Emission
 source at 100 kV FWHM point required current
Spource diameter (A cm-2 sr-1) (eV) (°C) (torr) (mA)

Heated fi eld 100 nm 107–108 0.8 3370 10-8 50–100
emission ZrO/W     10-9

Room temperature 2 nm 2 ¥ 109 0.3 3370 10-10 10
fi eld emission

Hair-pin fi lament 30 mm 5 ¥ 105 0.8 3370 10-5 100

LaB6 5–10 mm 7 ¥ 106 1 2200 10-6 50
  (at 75 kV)
a From Spence (2002).

A.I. Kirkland et al.



 Chapter 1 Atomic Resolution Transmission Electron Microscopy 31

The detailed physics of fi eld emission and the design of fi eld emis-
sion guns for HRTEM are beyond the scope of this section and the 
article by Crewe (1971) and the chapter in Reimer (1997) provide 
detailed reviews. These sources are now relatively common in HRTEM 
instruments and consist of either a heated or, more rarely, an unheated 
single crystal of tungsten in a 〈111〉 or 〈311〉 orientation. In operation 
the tip of the source is held in a region of high electrostatic fi eld 
enabling electrons to tunnel through the lowered potential energy 
barrier at the surface. In many HRTEM instruments the alternative 
Schottky emitter comprising a ZrO-coated W tip (Tuggle and Swanson, 
1985; Swanson and Schwind in Orloff, 1997), in which the workfunc-
tion is lowered to 2.8 eV (from 4.6 eV), is often used allowing electrons 
to overcome the potential barrier at a lower temperature than for con-
ventional thermionic sources leading to a reduced energy spread. True 
fi eld emission sources operating at room temperature have been less 
widely employed due to the need for stringent ultrahigh vacuum 
(UHV) conditions at the tip region to avoid contamination (Von 
Harrach, 1995). However, these sources provide the highest brightness 
and lowest energy spread.

The above physical requirements of the source with respect to bright-
ness and energy spread affect HRTEM images via image recording 
times and the resolution limit imposed by temporal coherence.

The detail in an HRTEM image is also strongly affected by the spatial 
coherence of the electrons emitted from the source and certain physical 
parameters contribute to this. A theoretical treatment of coherence and 
its infl uence on HRTEM images has been given in a previous section 
and we therefore confi ne discussion here to the relevant physical char-
acteristics of the source itself.

As already described an effective source can be defi ned as an imagi-
nary electron emitter fi lling the illuminating aperture (Hopkins, 1951, 
1953). In this case each point within the aperture represents a point 
source of electrons giving an emergent spherical wave, becoming 
approximately plane at the specimen. Thus, at the specimen plane each 
electron can be specifi ed by the direction of an incident plane wave. 
Hence increasing the size of the illuminating aperture increases the 
size of the central diffraction spot and decreases the spatial coherence. 
This can also be described as a coherence width, which defi nes the 
transverse distance at the object plane over which the illuminating 
radiation may be treated coherently. Thus waves scattered from atoms 
separated by less than this distance will interfere coherently and their 
complex amplitudes must be added, whereas atoms separated by more 
than this distance scatter incoherently and the intensities of the scat-
tered radiation are added. For sources to fulfi ll the commonly held 
assumption that the illuminating source can be replaced by an incoher-
ently fi lled aperture (see earlier) the coherence width in the plane of 
this aperture must therefore be small compared to its size, thus making 
the degree of coherence dependent only on the size of the illuminating 
aperture. The effect of source size on coherence hence becomes 
important only for sources smaller than ca. 1 µm, e.g., the smallest LaB6 
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or pointed tungsten sources available. Field emission sources do not 
conform to this model and for FEG HRTEM instruments the degree of 
coherence is critically dependent on both the source size and the excita-
tion of the condenser and gun lens system.

3.2 Optics

The optical column of a modern HRTEM instrument typically consists 
of two or three condenser lenses, an objective lens, and up to six imaging 
lenses below the specimen. The science of magnetic lens design dates 
back to the late 1920s (Busch, 1926) when it was realized that rotation-
ally symmetric magnetic fi elds could be used to focus electrons and 
that to produce a lens of high refractive power the magnetic fi eld along 
the axis of rotational symmetry needed to be confi ned to a small region 
in which the fi eld strength was suffi ciently high. This and other elegant 
early work using algebraic expressions for the lens fi eld has been exten-
sively reviewed elsewhere (Hall, 1966; Hawkes, 1972, 1982; Hawkes and 
Kasper, 1989; Orloff, 1997) and due to limitations of space is not consid-
ered further. Modern lens design is guided by computed solutions of 
the Laplace equation (see, for example, Septier, 1967, for a review) and 
subsequent numerical solution of the ray equation (Mulvey and Wall-
ington, 1973). The practical design of electron optics has also been 
extensively reviewed elsewhere (Hawkes, 1982; Grivet, 1965; Tsuno, 
1999; Hawkes and Kasper, 1989) (see also the chapter by Tsuno in Orloff, 
1997) including not only the design of the lens polepiece itself but also 
that of the overall magnetic circuit. For these reasons we provide here 
only a brief non-mathematically rigorous summary of selected aspects 
of electron optics relevant to HRTEM and further restrict our discussion 
to the properties of the objective lens only.17

For all lenses the aberrations important for HRTEM increase with 
angle and it is largely the optical properties of the objective lens that 
dominate the fi nal quality of the image formed. These can be treated 
analytically through either the Eikonal (Sturrock, 1955) or the Trajec-
tory methods (for collected references to these see Hawkes, 1982, 
Chapter 1). Alternatively, a numerical approach has been described by 
(Munro, 1973; Orloff, 1997) based on fi nite element calculation (FEM) 
of the magnetic fl ux density distribution for a trial model lens geome-
try (see also Lencova in Orloff, 1997, for details). Subsequently this can 
be used to calculate the axial magnetic fi eld distributions and the par-
axial rays, which can be fi nally combined to calculate the aberration 
integrals (for further details see Tsuno, 1999, and Orloff, 1997).

The most important lens aberrations for HRTEM are spherical and 
chromatic aberration and the effects of these are illustrated in Figure 
1–14.

17 Lenses which use the image formed by a preceding lens as an object are 
classed as projector lenses and include “intermediate” lenses in modern 
instruments. These are thus distinguished from the objective lens which uses 
the physical specimen as its object.
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Spherical aberration occurs when rays leaving an object at large 
angle, θ0, are refracted too strongly in the outer regions of the lens and 
are brought to a focus before the Gaussian image plane. If all rays from 
such an object are considered then the radius of the circle of least con-
fusion due to the spherical aberration is r = MC3θ3

0 in the Gaussian 
image plane, with M the magnifi cation. The value of C3 depends on the 
lens geometry and excitation and on the object position within the lens 
fi eld and typically takes values between between 0.5 and 2 mm for 
modern HRTEM instruments and sets the limit to the interpretable 
resolution (see earlier) in the absence of corrector elements.

For a known lens geometry with a defi ned magnetic fi eld distribu-
tion values for the spherical aberration can be obtained from either 
computed solutions of the full (nonparaxial) ray equation (Liebmann, 
1949) or through the use of the expression below due to Glaser 
(1956):

 C
e

m V
dB z

dz
e

m V
B z B z

h z
h z

z
z z3

r r

= { } + − ′{ }



16

3
80

2

0

4 2
2( )

( ) ( )
( )
( ) ∫

z

z

h z dz
1

2
4 ( )  (37)

where h(z) is the paraxial trajectory of a ray that leaves an axial object 
with unit slope and Bz(z) is the magnetic fi eld.18 The presence of deriva-
tives in Eq. (37) explains why the value of C3 is sensitive to the shape 
of the fi eld. For this reason the detailed geometry of the polepiece 
(Munro, 1973) and the location of the specimen within the polepiece 
gap are key design parameters of the objective lens (Tsuno, 1999).

Chromatic aberration arises from variations in the lens focal length 
with wavelength and hence electron energy. As all electron sources are 
polychromatic to a greater or lesser extent (see earlier) a series of in-
focus images are formed on a set of planes normal to the optic axis, 
one for each wavelength present in the illumination. A geometrical 
optics treatment, as a fi rst approximation, can be used to determine the 
effects of this focal length variation, which leads to an extended disk 

Figure 1–14. Illustration of certain lens aberrations. (a) A perfect lens focuses 
a point source to a single image point. (b) Spherical aberration causes rays at 
higher angles to be overfocused. (c) Chromatic aberration causes rays at dif-
ferent energies (indicated by color) to be focused differently. (See color plate.)

18 The spherical aberration can be measured using either diffractograms of 
image shifts as detailed earlier.
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in the Gaussian image plane (of a point object) with radius, r = 
Mθ0Cc[(∆V0/V0) − (2∆I/I)]. Typical values for Cc in modern instruments 
are similar to those for C3 and contribute to setting the absolute infor-
mation limit for HRTEM (see earlier).

In a similar fashion to the spherical aberration the value of the chro-
matic aberration can also be evaluated if the fi eld distribution is known 
(Glaser, 1952) as
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For applications to HRTEM both of these aberrations can be reduced 
by introducing the specimen into the fi eld of an immersion objective 
lens for which the magnetic fi eld on the illumination side of the elec-
tron optical column (the prefi eld) does not directly affect image forma-
tion. This symmetrical (condenser objective) geometry also has the 
signifi cant practical advantage of enabling switching from HRTEM 
using a relatively broad parallel beam to probe-forming modes for 
analysis or convergent beam electron diffraction from the same area of 
the sample and has largely replaced earlier asymmetric “top entry” 
lens designs.

The spherical and chromatic aberration are sensitive to the overall 
geometry of the polepiece, which is often described in terms of the key 
dimensions defi ning the upper and lower polepiece faces and bores 
and the gap between the two polepieces. However, the behavior of both 
C3 and Cc (and of focal length) can be readily calculated for a given 
geometry as a function of the lens excitation (Spence, 2002; Tsuno, 1999; 
Hawkes, 1982) and specimen position enabling these coeffi cients to be 
optimized, subject to constraints imposed by machining tolerances 
and requirements for specimen movement and tilt.

3.3 Specimen Stages

The most important purely mechanical components of modern HRTEM 
instruments are the specimen holder and the goniometer into which it 
is fi tted. A number of complex designs for these, retaining maximum 
fl exibility in specimen movement and access to peripheral devices 
under constraints of extremely high mechanical and thermal stability, 
have been proposed and are reviewed elsewhere (Valdrè, 1979; Valdrè 
and Goringe, 1971; Watt, 1986; Turner et al., 2005). Most recently facili-
ties for nanoscale specimen manipulation and electrical measurement 
have also been included (Wang, 2003).

The original designs for instruments used for high resolution were 
based on “top entry” goniometers into which a conical cartridge was 
inserted fi tting into the upper tapered bore of the objective lens pole-
piece with the specimen supported in a cup at the base of the cartridge. 
However, this arrangement leads to restrictions in objective lens design 
as the polepiece bore must be grossly asymmetric with an upper bore 
of suffi cient diameter to allow the specimen to pass (Tsuno, 1999). 
Translate and tilt movements also require complex, high precision 
mechanical mechanisms as the specimen is located at the base of the 
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cartridge surrounded by the polepiece. The geometry of top entry 
stages also precludes any EDX analysis and the provision of specimen 
heating or cooling is extremely diffi cult (Watt, 1986). Despite these 
limitations this design has inherent advantages in that the specimen 
cartridge is mechanically and acoustically isolated from the external 
environment and its cylindrical symmetry leads to high thermal 
stability.

The more common side-entry design in which the specimen is 
attached to a rod that is inserted into the goniometer allows far greater 
fl exibility but introduces potential mechanical and thermal instability. 
However, this is outweighed for many applications by the fl exibility of 
this design (for example, in providing specimen heating and cooling) 
and modern commercial implementations are suffi ciently stable for 
atomic resolution imaging. In the majority of cases commercial side-
entry goniometers provide high precision computer control of all fi ve 
axes of specimen movement with stepper motors or donator drives 
(Emile et al., 1993). This design aspect has recently been further 
improved to subnanometer precision in movement using additional 
piezo controls for translation (Kondo et al., 1994a).

It is also worth noting that several designs for fully bakable UHV 
HRTEM stages have been proposed in which a side-entry mechanism 
is employed with a detachable tip that locates within the goniometer 
allowing the transfer rod to be withdrawn (Kondo et al., 1994b).

3.4 Energy Filters

In many applications of HRTEM, energy fi ltering is of great impor-
tance, particularly in improving quantifi cation and interpretability of 
images by removal of inelastically scattered electrons (Stobbs and 
Saxton, 1987; Krivanek et al., 1990; Boothroyd, 1998, 2000; see Reimer, 
1995, for reviews). At this point we note that the energy fi lters outlined 
here also fi nd widespread application as spectrometers for electron 
energy loss spectroscopy (EELS) and in energy fi ltered imaging at 
medium resolution (Reimer, 1995; Tsuno, 1999; Egerton, 1996). However, 
this section is restricted to briefl y reviewing their use for imaging.

Imaging fi lters are best differentiated by the nature and geometry 
of their constituent optical elements and can be classifi ed as purely 
electric, purely magnetic, and combined electric/magnetic (Uhlemann 
and Rose, 1996). To separate electrons according to their energy loss 
dipole fi elds are required and hence all fi lters have a curved optic axis 
with the notable exception of the Wien fi lter (Tsuno, 1993). For HRTEM 
purely electric (see, for example, Henkelman and Ottensmeyer, 1979) 
and combined electric/magnetic fi lters have the disadvantage of being 
limited to operation at relatively low accelerating voltages due to diffi -
culties associated with the large electric fi eld strengths required at 
higher voltage. However, as discussed later, these have found recent 
alternative application as monochrometers in which the electrons have 
an energy of only a few electronvolts (Rose, 1990).

Magnetic fi lters have been constructed as both straight vision 
(in-column) types (Rose and Plies, 1974; Tsuno et al., 1997) and in a 
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postcolumn geometry, which can be retrofi tted to conventional instru-
ments (Krivanek et al., 1992).

The former can be classifi ed further as either Ω geometries in which 
the defl ection angles of the sector magnets cancels to zero and α fi lters 
in which the sum of the defl ection angles equals 2π (Lanio, 1986). For 
routine operation and ease of alignment of in-column fi lters simple 
fi lter geometries are required while any residual aberrations should 
not appreciably affect the quality of the fi nal HRTEM image. This can 
be achieved through careful choice of suitable symmetries of the mag-
netic defl ection fi eld and of the paraxial rays about the midplane of the 
system by which second-order axial aberrations and distortions can be 
canceled making these designs suitable for energy-fi ltered HRTEM. 
Based on this principle several commercial fi lters have been success-
fully produced (Rose and Plies, 1974; Tsuno et al., 1997). A fully cor-
rected Ω geometry fi lter has also been proposed and constructed, 
initially using curved polepiece faces (Rose and Pejas, 1979) but subse-
quently revised to use straight polepiece faces and additional sextupole 
elements (Lanio et al., 1986). Finally we note that a corrected in column 
fi lter, with an extremely high dispersion achieved through the use of 
inhomogeneous magnetic fi elds created by conical magnets has also 
been described (Uhlemann and Rose, 1994).

The alternative postcolumn fi lter geometry based on a single 90° 
sector magnet with curved polepiece faces has also been produced 
commercially and has found found widespread application (Krivanek 
et al., 1992). For energy-fi ltered HRTEM this design has the disadvan-
tage of nonzero second-order distortions and chromatic aberration of 
magnifi cation. These fi lters therefore operate at a large intermediate 
magnifi cation so that these do not appreciably affect the image quality. 
However, due to the large magnifi cations required the third-order 
distortions and higher order chromatic aberrations limit the number 
of clearly resolved object elements. For these reasons a sequence of 
quadrupole and hexapole elements is incorporated after the sector 
magnet and alignment to third order is carried out by automated 
computer control. A signifi cant practical advantage, however, of this 
geometry is that it can be retrofi tted to conventional microscopes.

Finally, we also note that investigations into the contribution of 
phonon scattering to the Stobbs factor (Boothroyd, 2000) in off-axis 
electron holograms provide compelling evidence for intrinsic elastic 
energy fi ltering (within experimental limitations) in this mode. This 
issue has been rigorously treated (van Dyck et al., 2000) in a quantum 
mechanical framework using a global Hamiltonian describing the elec-
tron, source and object to prove that although inelastic interference is 
possible it is too small to be observed. Hence, electron holography 
provides de facto perfect energy fi ltering, which therefore suggests that 
electron-optical fi lters may be redundant in this geometry.

3.5 Detectors

Image recording should not impair the overall resolution of HRTEM 
data. However, unless the detector used is carefully optimized with 
respect to microscope operating conditions this component can have 
a negative effect on overall performance. Historically, photographic 
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plates using one of several possible specialist emulsions were univer-
sally used for image recording (Kuo and Glaeser, 1975; Zeitler, 1992) 
but these have now been largely superseded by digital detectors of 
which slow-scan charge-coupled device (CCD) cameras are most com-
monly used (Spence and Zuo, 1988).

Particular benefi ts associated with these detectors (Zuo, 2000; Fan 
and Ellisman, 2000; de Ruijter, 1995; Spence and Zuo, 1988) are that the 
images are instantly available, quantitatively in digital form, and the 
camera response is practically linear over a large dynamic range. Their 
sensitivity is also far higher than that of most photographic emulsions, 
making single electron detection possible.

Though limited early experiments using CCD chips as direct TEM 
electron detectors have been performed (Roberts et al., 1982), these 
were not viable due to the sensitivity of the gate insulator to radiation 
damage. For low energies (<10 keV), this damage can be avoided using 
back-thinned CCDs (Ravel and Reinheimer, 1991), but higher energy 
electrons penetrate through to the sensitive gate oxide on the front side. 
Moreover, a primary electron of energy E generates E/3.64 eV electron-
hole pairs in silicon (Fiebiger and Müuller, 1972) leading to saturation 
of the CCD well capacity after the detection of only a few electrons at 
typical energies used in HRTEM.

For this reason indirect detection is employed in all cameras cur-
rently used for HRTEM by which the electrons impinge on a YAG 
single crystal19 or phosphor powder scintillator20 and the generated 
light is relayed to the CCD chip via a lens- or fi ber optical coupling 
(Figure 1–15). Within this complex coupling, scattering of both the 
primary incident electrons and the emitted photons in the scintillator 
material occurs. These processes blur the image, attenuating its high 
spatial frequencies leading to relatively poor Modulation Transfer Func-
tions (MTFs) (Meyer and Kirkland, 1998, 2000; Meyer et al., 2000b).

Electron-sensitive imaging plates have also found application as an 
alternative digital recording media (Zuo, 2000; Zuo et al., 1996). These 
consist of a thin embedded layer (ca. 40 µm thick) of a photostimulable 
phosphor. Luminescence is activated postexposure by a scanning laser 
in a separate processing system that includes a photomultiplier to 
convert the output light into a digitized electronic signal. The exposed 
plate can be subsequently erased by exposure to a suitable light source. 
These systems provide excellent recording linearity over a wide dynamic 
range with a sensitivity about three times that of photographic emul-
sions, but which is voltage dependent. However, their performance also 
depends strongly on electron dose and drops rapidly at low dose levels. 
Hence, the most promising application of this technology is in record-
ing quantitative diffraction information (Zuo, 2000).

Very recent experiments by several groups (Faruqi et al., 1994, 
2005a,b; Faruqi and Cattermole, 2005; Fan et al., 1998; Milazzo et al., 

19 YAG: yttrium-aluminum-garnet Y3Al5O12, a transparent crystal that is made 
scintillating by doping with impurity atoms, usually europium (YAG:Eu) or 
cerium (YAG:Ce).
20 A wide range of materials is available for powder scintillators. Popular 
choices in CCD cameras include P22 (Y2O2S:Eu) and P43 (Gd2O2S:Tb).
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2005) suggest that detectors for HRTEM are on the verge of a revolution 
in which direct injection of beam electrons into solid-state devices may 
be achieved leading to substantial increases in both resolution and 
sensitivity. At the time of writing a number of pixellated CMOS-based 
devices have been fabricated (albeit with initially limited array sizes) 
including active pixel sensors (Milazzo et al., 2005) in which the readout 
electronics and amplifi cation are integrated at each pixel. These have 
demonstrated direct electron imaging with performance characteris-
tics exceeding indirect CCD devices in cryoelectron microscopy and 
diffraction from radiation-sensitive biological material (Faruqi et al., 
1994, 2005a,b; Faruqi and Cattermole, 2005).

3.5.1 Detector Characterization
All digital detectors can be characterized in terms of three key param-
eters that, in combination, describe their overall performance. These 
involve measurement of the gain, resolution, and detector quantum 
effi ciency (DQE). The linearity and uniformity of the response may 
also be important, but in currently available CCD devices are generally 
extremely well controlled.

Detector resolution is expressed through the MTF, which describes the 
spatial-frequency-dependent signal transfer, which is affected by both 
electron and photon scattering within the detection chain. This parame-
ter can be evaluated by integration (over the scintillator area) of the ratio 
of the output to the input signal in reciprocal space (u, v), normalized to 
unity at zero spatial frequency (Meyer and Kirkland, 1998).

More formally

 MTF u v G g u v d( ) ( ), ,= ∫1 µ µ  (39)

where the Fourier transform of the light intensity (number of photons 
per unit area) collected at a particular position on the detector in its 

Figure 1–15. Schematic diagram of a CCD detector used for HRTEM. The incoming high-energy 
electrons are scattered and along their trajectory within the scintillator where they give rise to photon 
emission. Electrons that penetrate through the scintillator may be back-scattered into the scintillator 
from the fi ber plate or a mechanical support layer. A lens- or fi ber-optical coupling system conveys 
the generated light to the CCD chip where the photons generate electron-hole pairs. The electrons of 
these pairs are collected in pixelated potential wells. (Taken from Meyer et al., 2002.)
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focal plane is given by ĝµ(u, v), dµ defi nes the probability of a particular 
electron hitting the scintillator at this point, and G is the total gain, 
i.e., the average number of detectable CCD well electrons per primary 
electron given by

 G g d= ( )∫ ˆµ µ0 0,  (40)

The inverse Fourier transform of this MTF is the point spread func-
tion (PSF)

 PSF , ,x y G g x y d( ) = ( )∫1 ˆµ µ  (41)

The DQE measures the statistical performance of radiation detectors 
(Hermann and Krahl, 1982) generally defi ned as the quotient of the 
squared signal-to-noise ratio (SNR) at the output and input of the detec-
tor [in general as a function of spatial frequency (de Ruijter, 1995)].

This can also be expressed in terms of experimentally accessible 
quantities as
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where p̂(0, 0) is the total number of electrons recorded in each expo-
sure, V (u, v) is the variance, (in units of “number of CCD well electrons 
squared”) and G is the gain defi ned previously. It should be noted that 
unless the dose is very low, in which case dose-independent noise 
sources such as readout noise become important, the observed vari-
ance V (u, v) is proportional to the electron dose and therefore the DQE 
is dose independent.

The above expression can be conveniently rewritten through a simple 
rescaling of units into the digital numbers (DN) that are read out 
directly from the camera to give the expression
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where GDN is the gain in digital numbers per incident electron, IDN = 
p̂(0, 0)GDN is the total intensity in digital numbers, and VDN(u, v) is the 
variance in (DN)2.

Experimentally these performance characteristics can be readily 
measured from a series of controlled exposures of a deterministic input 
signal (such as a knife edge) (Meyer et al., 2000b) for a range of experi-
mental conditions (Figure 1–16).

3.6 Aberration Correctors

One of the long standing goals in electron optics has been the correc-
tion of the positive spherical aberration that is present in all round 
lenses (Scherzer, 1949). The essential optical elements used in all cor-
rectors are nonround (multipole) lenses as originally proposed by 
Scherzer (1947).21 Subsequently designs for various correctors have 

21 For a more detailed treatment of spherical aberration correctors see Chapter 
10 by Hawkes in this volume.
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been proposed (for reviews see Rose, 1990; Hawkes and Kasper, 1989). 
However, it is only relatively recently that these components have been 
developed to a level at which improvements to the highest performance 
uncorrected instruments can be made. For the most part this has been 
due to the extreme mechanical precision and electrical stability required 
in the corrector elements and the need for sophisticated computer 
control of the corrector alignment. However, in the 1990s signifi cant 
improvements in resolution for both HRTEM (Haider et al., 1998a,b) 
and Scanning Transmission Electron Microscopy (STEM) (Krivanek et 
al., 1999) were demonstrated, although for the purpose of this section 
we will not consider the latter further. We also note that very recently 
proposals for correction of both spherical and chromatic aberration 
have also been detailed (Rose, 2005) based on a combination of elec-
tromagnetic and electrostatic multipole elements.

Figure 1–16. (a) MTFs measured for 1024 × 1024 and 2048 × 2048 CCD cameras. Solid line, 1024 × 1024; 
short dashed line, 2048 × 2048; long dashed line, 2048 × 2048 with 2 × 2 pixel binning. (b) DQEs corre-
sponding to (a). In all cases plots extend from 0 spatial frequency to the spatial frequency at the corner 
of Fourier space. (Adapted from Meyer et al., 2002.)
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Correctors for HRTEM are based on a pair of strong electromagnetic 
hexapole elements together with four additional lenses (Haider et al., 
1995). Correction is achieved due to the fact that the primary, non-
rotationally symmetric second-order aberrations of the fi rst hexapole (a 
strong three-fold astigmatism) are exactly compensated by the second 
hexapole element. Because of their nonlinear diffraction power, the two 
hexapoles additionally induce a residual secondary, third-order spherical 
aberration that is rotationally symmetric (Beck, 1979) and proportional to 
the square of the hexapole strength. This aberration has a negative sign, 
thus canceling the positive spherical aberration of the objective lens. For 
HRTEM applications it is essential that the corrector is aplanatic to provide 
a suffi ciently large fi eld of view, which is achieved by matching the coma-
free plane of the objective lens to that of the corrector using a round 
transfer lens doublet. To reduce the azimuthal (anisotropic) component 
of the off-axial coma the current direction of the fi rst transfer lens doublet 
is opposite to that in the objective lens. In addition to these primary 
optical elements commercial correctors (Haider et al., 1998a; Hutchison 
et al., 2005) contain a number of additional multipole elements for align-
ment and correction of any residual parasitic aberrations.

The main diffi culties associated with the practical operation of these 
complex electron optical components are the requirements for sophis-
ticated computer control of the various elements and a systematic 
alignment procedure providing rapid, accurate measurement of the 
coeffi cients of the wave aberration function. In practice, this is achieved 
using measurements of the two-fold astigmatism, A1, and defocus, C1, 
from tableaus of diffractograms recorded at known beam tilts (see 
earlier). These measured values are subsequently used to calculate the 
aberrations present in the corrector and the appropriate currents to the 
optical elements are then applied under direct computer control.

3.6.1 Aberration-Corrected Imaging Conditions for HRTEM
The optimization of imaging conditions for corrected instruments and 
the interpretation of the images obtained have also required renewed 

and the defocus is also set to zero, then the phase contrast transfer 

set by partial coherence, while the amplitude contrast transfer function 
equals 1.22 Under these conditions HRTEM can be carried out under 
pure amplitude contrast conditions in a mode that is not available in a 
standard uncorrected TEM (Lentzen, 2004).

5

c

22 The above treatment ignores the effects of higher order aberrations such as 
C5, which also contribute to high resolution phase contrast.

analysis. It is possible to identify three conditions for HRTEM imaging 

Alternatively, phase contrast HRTEM images can be obtained using

when spherical aberration is a variable parameter (Lentzen, 2004).

several conditions in which the spherical aberration and defocus

If the spherical aberration of the objective lens is exactly corrected 

are balanced against either C  or the chromatic aberration coefficient,

function equals 0 for all spatial frequencies up to the information limit 

C  (Chang et al., 2003; Chang et al., 2006).
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For the fi rst of these conditions, in the presence of C5, restricting the 
phase shifts due to the wave aberration function to lie between 0 and 
π/2 gives optimum values for C1 and C3 as

 C1 = 1.56(C5λ2)1/3

 C3 = −2.88(C2
5λ)1/3 (44)

with a corresponding point resolution, limited by C5, given by

 d = (C5λ5)1/6/1.47 (45)

Under circumstances in which C5 = 0 the choice of C1 reduces to the 
conventional Scherzer defocus (C1 = −(C3λ)1/2) (for fi nite positive C3) 
with a corresponding point resolution (as defi ned previously) of 

d
C

=
( )3

3 1 4

2
λ /

.

Matching the fi rst zero of the phase contrast transfer function to the 
information limit of the instrument, determined by Cc, and again con-
straining the phase shifts due to the aberration function to lie between 
0 and π/2, yields alternative optimum values of
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where ∆ is the focal spread defi ned in a previous section.
By analogy with the C5 limited condition when C5 is zero the above 
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For either of these conditions when C5 is zero or has a negligible 
effect at the experimentally available resolution, the signs of both C3 
and C1 can be inverted, and this has been shown to differentially affect 
the transfer of the linear and nonlinear components of the image 
intensity in images of complex oxides, providing higher contrast at the 
weakly scattering anion sites (Lentzen et al., 2002).

3.7 Monochromators

As already discussed, one of the limiting factors in determining the 
information limit for HRTEM is the energy spread of the source.23

One possible route to reducing the energy spread is in the use of 
high brightness sources with intrinsically low energy spreads such as 
nanometer-sized cold fi eld emitters (Morin and Fink, 1994; Purcell 
et al., 1995) or more ambitiously, ballistic emission sources (Borgonjen 
et al., 1997), photocathodes (Baum et al., 1995a,b), and metal ion sources 
(Purcell and Bihn, 2001). However, none of these has currently been 

23 In addition to the benefi ts of a reduced energy spread for HRTEM there are 
also substantial benefi ts in EELS and related techniques where a lower energy 
spread improves the spectral energy resolution.

A.I. Kirkland et al.

reduce to (O’Keefe, 2000; Chang et al., 2006)



 Chapter 1 Atomic Resolution Transmission Electron Microscopy 43

manufactured with suffi cient brightness and stability for routine use 
in HRTEM.

For this reason monochromation of the electron beam produced 
from conventional Schottky or cold fi eld emission sources using dedi-
cated electron optical components provides an attractive alternative 
that has now been realized experimentally using several different 
designs operating at 120 kV and 200 kV (Mook and Kruit, 1999; Rose, 
1999; Batson, 1986).

The number of possible monochromator geometries that have been 
proposed and tested can broadly be divided into those with straight 
optical axes (typically Wien fi lters) (Mook and Kruit, 1999; Rose, 1987; 
Tsuno, 1999) and those with curved axes (typifi ed by Ω geometries) 
(Rose, 1999; Kahl and Rose, 1998). The former require both electromag-
netic and electrostatic elements to satisf y the Wien condition and to 
achieve the required energy dispersion, whereas the latter can be con-
structed from purely electromagnetic or electrostatic elements. Further 
classifi cation of monochromators can be made by considering whether 
the monochromator and/or the energy selecting slit are operated at 
high potential or at ground and whether the monochromator is a single 
dispersion or double dispersion design. Finally, monochromators can 
be operated in either short fi eld (defl ector) mode, in which the mono-
chromator fi eld length is short compared to the distance to the beam 
focus, or in long fi eld mode, in which the monochromator also acts as 
a focusing element. Within these various classes there are advantages 
and disadvantages associated with each confi guration that have been 
extensively reviewed by Mook and Kruit (1999).

For all of the above design possibilities the monochromator must 
provide suffi cient current density for HRTEM at a given energy resolu-
tion determined by the energy selecting slit width. Monochromation 
inevitably reduces brightness as it fi lters electrons with unwanted ener-
gies and thereby reduces the current. However, the optical design of 
the monochromator itself also affects the brightness through the aber-
rations introduced by the fi lter and effects due to Coulomb interactions 
within the monochromator (Rose, 1999; Tsuno, 1999; Mook and Kruit, 
1999).

4 Exit-Wave Reconstruction

Although HRTEM now routinely achieves atomic resolution, the rela-
tionship of the image contrast to the underlying object structure for a 
single image is complex due to the nature of the scattering and imaging 
processes, as already outlined. A number of alternative approaches to 
inversion of the imaging process to recover the specimen exit-plane 
wavefunction, including holography, fi rst proposed by Gabor (1948) 
and more recently realized at atomic resolution (Lichte, 1991; Orchowski 
et al., 1995; Lehmann et al., 1999; Tonamura, 1987, 1999). The particular 
approach described in this section combines the complementary infor-
mation available from images taken under different conditions in 
indirect exit-wave reconstruction, which is directly related to the more 
general problem of coherent detection (Spence, 2002).
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As already discussed, the wave aberration function of the objective 
lens defi nes a passband of well transmitted spatial frequencies up to 
the instrument point resolution (at the Scherzer defocus) and beyond 
this limit the transfer function oscillates. At higher values of defocus 
this passband extends to higher frequencies, which suggests, in prin-
ciple, that the addition of several images recorded at different defoci 
should enable the deconvolution of the effects of the objective lens 
transfer function and provide a wider passband extending to the axial 
information limit. This forms the basis of focal series restoration (recon-
struction). A simpler alternative using only a single image has also 
been proposed (O’Keefe et al., 2001) but suffers from diffi culties associ-
ated with the positions of the zero crossings in the transfer function 
that prevent deconvolution and from amplifi cation of noise.

4.1 Theory

The recorded image plane intensity can be written as24

 I(x) = |ψi(x)|2 = 1 + ψi(x) + ψ*i(x) + |ψi(x)|2 (48)

For conditions in which the quadratic term is small then the Fourier 
transform of the image contrast (the fractional intensity deviation) is 
given as

 c(k) = ψi(k) + ψ*i(−k) (49)

the objective lens) and image waves are related by the previously 
described phase shifting wave aberration function and thus

 ψi(k) = ψd(k)w(k) (50)

where

 w(k) = exp {−iW(k)} (51)

Hence in terms of the object wave (in the back focal plane of the 

rewritten as

d d

image.
The essence of all reconstructions is now to fi nd an estimate ψ′d(k) 

of ψd(k) given a set of observed image contrast Fourier transforms c(k) 
and measurements of the individual w(k).

Given data from several differently aberrated images (obtainable 
from focal or tilt azimuth dataset geometries as described later), an 

24 Throughout this section we use k and x as Fourier space and real-space 
variables rather than (u, v) and (x, y) as in Section 2.
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 c(k) = ψ (k)w(k) + ψ*(−k)w(−k) + n(k) (52)

The Fourier transforms of the object wave (in the back focal plane of 

objective lens) the Fourier transform of the image contrast can be 

in which the term n(k) represents the observational noise in the 
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optimum solution for ψ′d(k) can be defi ned in various ways (Saxton, 
1988). In particular, a Wiener fi lter applied to a series of images (Schiske, 
1973) in the presence of noise gives an optimal estimate of the recon-
structed wavefunction, expressed in the form of a weighted superposi-
tion of the individual transforms as

 ′ = ∑ψd ( ) ( ) ( )k k kr cii i  (53)

in which the restoring fi lters, ri(k), depend on the wi(k) for the set of 
images as
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From Eq. (55) above it can be seen that the effect of the restoring 
fi lters on a Fourier component transmitted in only a single image is 
simply to retain it after division by the corresponding transfer function 
and for Fourier components present in multiple images to average the 
estimates. For a Fourier component not transferred in any image the 
value of the fi lter tends to zero due to the inclusion of the noise-to-
object power ratio, ν(k).25 In the fi nal step of the overall reconstruction 
process the exit-plane wavefunction itself is obtained simply by inverse 
transformation.

For completeness we also provide an alternative formulation of 
through focal series restoration by Spence (2002), which gives useful 
insight into the behavior of the various terms and clearly illustrates the 
general power of coherent detection methods.

The image amplitude under the WPOA for a single image at a 
defocus, C1n is given as
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with an image intensity
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where h are the higher order, nonlinear terms.
We are now able to extract the wanted second term in Eq. (56) and 

discriminate against the conjugate and the higher order terms.
To effect this we fi rst multiply the transform of the intensity by the 

conjugate of the transfer function to deconvolve it and then sum over 
N images recorded at different defoci.

This gives

25 This is the major advantage of the Wiener fi lter in preventing noise 
amplifi cation where wi(k) is close to zero.

w
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(57)

where φ(k) = 1 − iσF {φp(x)} is the image we wish to restore.
Equation (57) now clearly shows the power of coherent detection. 

The second term sums as N times the wanted image, whereas the 
unwanted third and fourth terms sum as N1/2 times their initial values. 
The fi nal term behaves as a two-dimensional random walk. Overall 
the effects of the coeffi cients of the wave aberration function appear to 
have been eliminated and the only remaining resolution limiting effect 
is the function P(k).26

A further independent formulation of a linear restoration scheme 
similar to that described above, known as the parabaloid method, has 
also been reported (Op de Beeck et al., 1996; Thust et al., 1996a,b). This 
is based on a three-dimensional Fourier transform of a through focal 
series of images with the third variable conjugate to the defocus. The 
exit-wave sought is localized on a parabolic shell in this three-
dimensional space and can readily be separated from the conjugate 
eave and the nonlinear terms. This approach has the attraction of pro-
viding intuitive insight into how the information from a series of 
images is gathered to yield the complex exit-wave, although unlike the 
Wiener fi lter it is nonoptimal in its suppression of the conjugate wave 
and experimental noise (Saxton, 1994).

The approaches for exit-plane wavefunction restoration described 
above assume linear imaging. An alternative method has also been 

An alternative imaging geometry for use in reconstruction uses a 
dataset recorded for several different illumination tilts (of the same 
magnitude but with different azimuths) (Kirkland et al., 1995, 1997) in 
a super resolution scheme also referred to as aperture synthesis. The 
basis of this approach relies on the fact that for an incident beam tilt 

26 We note that the above describes a general approach of integration against 
a kernel to provide a stationary phase condition for a wanted signal and as 
such fi nds widespread application throughout physics.

A.I. Kirkland et al.

tions to the image intensity. In the original implementation of this latter 
developed for a more general case, including the nonlinear contribu-

approach (Kirkland et al., 1985; Kirkland, 1984, 1988) the nonlinear 

multiple input maximum a posteriori (MIMAP)]. The more recent 
improved maximum likelihood (MAL) description (Coene et al., 1992, 

calculated from the restored wave to the measured intensities of images

numerically optimized recursive solution and explicitly includes the 
coupling between the exit wave and its complex conjugate.

image reconstruction is accommodated by matching the intensities 

1996; Thust et al., 1996a) provides a computationally efficient and 

in a focal series through minimization of a least-squares functional [the 
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of a Bragg angle Θb the optic axis bisects the angle Θ = 2Θb between 
the incident beam and a fi rst-order Bragg beam. For this geometry the 
two beams defi ne the diameter of an achromatic circle (for positive C3) 
on which all even-order terms on the wave aberration function cancel. 
However, only one sector of the diffraction pattern contributes to each 
image and it is therefore necessary to record images at several (mini-
mally four) different tilt azimuths. The method is also restricted to 
relatively thin samples due to the effects of parallax (Kirkland et al., 
1997). The restoring fi lters required are of a form similar to those used 
for focal series reconstruction but with the transfer functions modifi ed 
so as to be appropriate to tilted illumination (Saxton, 1988). The advan-
tage of this geometry is in the improved fl at information transfer, albeit 
in only one direction in a single image, with the disadvantage of poorer 
low-frequency transfer in the restored wave. In this way spatial fre-
quencies up to twice the conventional Scherzer limit can be recovered 
from a dataset composed of four tilted illumination images recorded 
with orthogonal tilt directions (Kirkland et al., 1995).

It is also worth noting that although the reconstructed wavefunction 
is free of artefacts due to the lens aberrations, there still exists a sig-
nifi cant discrepancy between absolute values of the experimental and 
simulated exit wavefunctions (Meyer et al., 2000a). The cause of this 
discrepancy (frequently known as the Stobbs factor; Boothroyd, 1998, 
2000), which is also observed in comparisons between conventional 
experimental HRTEM images and simulations, remains an active 
research area and recent holographic data (Lehmann and Lichte, 2002) 
suggest that phonon scattering may make a substantial contribution.

4.2 Experimental Geometries

The most widely applied procedure for exit-wave reconstruction is, as 
already described, to record several (or many) images at different focus 
levels for which the positions of weak transfer are different. This pro-
vides almost continuous transfer in the recovered exit-wave extending 
to the ultimate limits set by the axial coherence envelopes (Figure 1–17). 
In practice the dataset for a focal series reconstruction is relatively 
easily obtained and typically some 20 or more images separated by 
close focal increments can conveniently be recorded on a CCD detector 
utilizing external computer control of the microscope. The subsequent 
processing involves image registration across the series (to account for 
specimen drift) and the determination of the individual imaging con-
ditions (using one of the methods described earlier).

The basic methodology for recording data for use in tilt series recon-
struction is the same as that for focal series but particular attention 
must be paid to the image registration (due to the distorted form of 
cross-correlation functions involving tilted illumination images) and 
to the initial defocus condition. In general, for this geometry optimal 
transfer is achieved in the tilted illumination mode (with positive C3) 
when C1 = θ2 with C1 and θ being the defocus and illumination tilt 
measured in reduced units of ( ( )C3λ ) and (λ/C3)1/4, respectively 
(Hawkes, 1980) (Figure 1–17). With the development of aberration-
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corrected instruments, this method is further enhanced by the removal 
of these restrictions in the absence of C3. In practice a combined 
defocus/tilt geometry provides optimal transfer and has the additional 
benefi t of providing the required data for the determination of the 
aberration coeffi cients (see earlier).

4.3 Exit-Wave Restoration of Complex Oxides

To illustrate the benefi ts of exit-wave restoration over conventional 
HRTEM imaging we have chosen two examples of complex oxides. 
Figure 1–18a shows a structural model of Nb16W18O94 projected along 

Figure 1–17. A comparison of transfer functions. (a) Conventional phase con-
trast transfer function (PCTF) for a single Scherzer defocus image. (b) Effective 
wave transfer function (WTF) for a 21-member focal series with a defocus step 
between images of 5 nm. (c) Effective wave transfer function for a 6 member 
tilt azimuth series with a tilt of 7.7 mrad. (d) Two-dimensional representation 
of the effective wave transfer function in (b). (e) Two-dimensional representa-
tion of the effective wave transfer function in (c). In all cases electron optical 
parameters appropriate to a 300-kV FEGTEM were used (300 kV, Cs = 0.57 nm, 
focal spread = 4 nm, beam divergence = 0.1 mrad). (a) Scaled −1 to 1; (b and c) 
scaled 0 to 1; (d and e) scaled 0 to 1 (black to white).

A.I. Kirkland et al.
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Figure 1–18. (a) Structural model of the complex oxide Nb16W18O94 projected along [001]. (b) Conven-
tional axial HRTEM image recorded at the Scherzer defocus of a thin crystal. (c) Reconstructed 
modulus of the exit-plane wavefunction of Nb16W18O94 with the marked area enlarged (inset), which 
directly shows the cation positions (black) with improved resolution compared to the axial image. The 
line indicates a stacking fault with a shift of a third of a unit cell along [010]. (d) Reconstructed phase 
of the exit-plane wavefunction with the marked area enlarged (inset). The cation sites in the phase are 
recovered with positive (white) contrast and additional weak between the cation atomic columns 
which indicate the positions of the oxygen anions are also resolved. The reconstructed phase and 
modulus are shown at the same scale. (See color plate.)
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[001] together with an axial image recorded at the Scherzer defocus 
(Figure 1–18b) and the restored exit-plane wavefunction (Figures 1-18c 
and d) recovered to a resolution of ca. 0.11 nm. It is apparent that 
although the basic cation lattice can be determined from the axial 
image the restored modulus shows the positions of the cation columns 
in projection at substantially higher resolution. Moreover, the modulus 
remains directly interpretable to a greater specimen thickness than the 
axial image. The restored phase shows a more complex contrast chang-
ing rapidly with specimen thickness. In addition to the strong positive 
contrast (white, corresponding to a phase advance) located at the cation 
sites and corresponding directly to the positions of strong negative 
(black) contrast in the modulus there is additional weak contrast at 
positions between the cations at the anion sublattice sites.

Our second example illustrates an experimental tilt azimuth series 
restoration of an inorganic perovskite with 0.1 nm information transfer.

The basic perovskite structure is cubic with general formula ABO3 
and can be considered as an array of corner-sharing BO6 octahedra 
where B is typically a small transition metal cation (Figure 1–19). The 
cuboctahedral interstices generated by this basic lattice are occupied 
by larger A cations, typically alkali earth or rare earth metals. Few 

Figure 1–19. Simplifi ed structural models of AnBnO3n+2 compounds represented by corner-sharing BO6 
octahedra and isolated A cations. Octahedra and cations drawn with light gray shading are half a 
lattice plane below those with darker shading. (a) The basic perovskite ABO3. (b and c) The n = 5 
structure A5B5O17 with layers fi ve octahedra wide, projected in the [100] and [010] directions.

A.I. Kirkland et al.
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perovskites are cubic and most distort to a lower symmetry to stabilize 
the structure.

The layered structure described here (of general formula AnBnO3n+2) 
is composed of slabs of perovskite sliced along the [110] plane with 
the two excess oxygen anions accommodated at the interface region 
between two slabs (Figure 1–19). These structures show similar distor-
tions to bulk perovskites but with additional degrees of freedom at the 
interface.

The restored exit-plane wavefunction for Nd5Ti5O17 in the [010] pro-
jection is shown in Figure 1–20. The restoration again shows improved 
resolution in both modulus and phase compared to the conventional 
axial image and an enhanced sensitivity to the weakly scattering 
oxygen sublattice in the restored phase. Comparison with the struc-
tural model shown in Figure 1–19 shows that the Ti are bridged by O 
anions and correspondingly in the restored phase, the Nd rows show 
distinct cations whereas the Ti rows also show weak contrast between 
the cation sites (Figure 1–20) corresponding to the anion positions. The 
reconstruction also reveals local distortions present in this material by 
which the Nd cations at the outside of the perovskite slabs are dis-
placed by small amounts in alternate directions (Figure 1–20).

5 Image Simulation

A key step in the process of obtaining quantitative structural informa-
tion from HRTEM images is the calculation of image simulations based 
on defi ned structural models and imaging conditions for comparison 
with experimental images. As already discussed, simple models for 

Figure 1–20. (a) Enlarged region taken from the reconstructed modulus calculated from a tilt azimuth 
dataset of an Nd4SrTi5O17 crystal edge in the [010] projection showing a small difference in positions 
of the Nd(4) and Nd(5) cations at the interface between adjacent perovskite slabs. (b) Reconstructed 
phase of the same region as (a) showing details of the oxygen anion sublattice between the Ti sites. 
The experimental data were recorded using the tilt series geometry described in the text with a JEOL 
JEM-3000F FEGTEM, 300 kV, C3 = 0.57 mm with an injected tilt of 1.9 mrad. (See color plate.)
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electron scattering and imaging at high resolution suffer from limita-
tions and in general, computationally tractable N-beam dynamic cal-
culations are essential to this process.

For this purpose, the multislice method is most commonly used to 
compute the electron wave at the exit-plane of a specimen with known 
atomic structure. This approach was fi rst suggested by Cowley and 
Moodie (1957) and has found extensive use in HRTEM simulation 
(Goodman and Moodie, 1974). In particular, the availability of effi cient 
Fast Fourier Transform (FFT) algorithms and the general increase in 
readily available computing power have made earlier constraints on its 
accuracy due to limitations in the number of slices or the number of 
diffracted beams immaterial.

An alternative to the multislice method is the Bloch wave approach, 
fi rst introduced by Bethe (1928) and described in detail, for instance, 
in Buseck et al. (1989). By analogy with the Bloch theorem in solid-state 
physics, the solution of the Schrödinger equation in a periodic crystal 
potential is written as a product of a plane wave and a function that 
has the same periodicity as the crystal. The latter function is then 
expanded into its Fourier components from which the Schrödinger 
equation reduces to a matrix equation in these Fourier coeffi cients. For 
simple crystals, relatively accurate solutions can be obtained using only 
a few of these Bloch waves, with the minimal case requiring only two 
(the two beam approximation). This approach has the advantage of 
providing valuable insight into the working of dynamic electron dif-
fraction and explains phenomena such as thickness fringes. However, 
for complex crystals with large unit cells, the method becomes imprac-
tical, as a large number of beams has to be used in the calculation and 
the computation time for the matrix solution scales with N3, where N 
is the number of beams included. For this reason it has only rarely been 
applied to calculations of HRTEM images.

Finally we note that for the majority of cases matching of experimental 
and simulated images is carried out purely visually with limited attempts 
to defi ne quantitative fi gures of merit (FOM) describing the differences 
between experimental and simulated images (or restored exit wavefunc-
tions). In part this is due to the large number of parameters involved in 
HRTEM simulations (including atomic coordinates and those describ-
ing imaging conditions) giving rise to a large multiparameter optimiza-
tion problem with many local minima. However, a number of possible 
FOMs have been reported (Mobus et al., 1998; Tang et al., 1993, 1994; 
Saxton, 1997) based on comparisons in both image and Fourier space.

5.1 The Multislice Formalism

The formal basis of the multislice method (for an extensive treatment 
see Kirkland, 1998) is the division of the specimen into a number of 
thin slices perpendicular to the direction of the incident beam. The 
effects of the specimen potential (transmission, in real space) and of 
Fresnel diffraction (propagation, in Fourier space) are than treated 
separately for each slice (Figure 1–21). It is a requirement that the indi-
vidual slices used in the simulation must be thin enough to be weak 

A.I. Kirkland et al.
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Figure 1–21. (a) Schematic diagram showing the real space transmission and 
fourier space propagation steps. (b) Flow chart illustrating the steps involved 
in a multislice simulation.
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phase objects and that they obey periodic boundary conditions per-
pendicular to the incident beam direction.

The equations central to the multislice algorithm can be formally 
derived starting from the Schrödinger equation for the wavefunction 
ψf, of an electron in the electrostatic potential V (x, y, z) of the 
specimen:
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where m is the relativistically corrected electron mass. For high-energy 
electrons, the motion is predominantly in the z direction. Hence, it 
is convenient to separate the full wavefunction, ψf, into a product of 
the solution of the free Schrödinger equation (with V ≡ 0), which is a 
plane wave propagating in the z direction, and a wavefunction ψ 
that represents the effects due to the specimen and varies much more 
slowly with z:

 ψf(x, y, z) = e2πkz ⋅ ψ(x, y, z) (59)

where k = 1/λ is the inverse wavelength of the free electron. Substitut-
ing this into Eq. (58) and using E = h2k2/2m yields27
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In an elastic scattering process away from the z direction, kx and ky 
are proportional to the scattering angle, while the change, ∆kz, is pro-
portional to its square. For small scattering angles therefore the term 
|∂2ψ/∂z2|<<|∇2

xyψ| and can be neglected in the paraxial approximation.
What remains is a fi rst-order differential equation in z
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with the operators
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 B = iσV (x, y, z) (63)

and the interaction parameter σ defi ned here as

 σ
π λ

=
2

2

me
h

 (64)

This differential equation has the formal solution

 ψ ψx y z z A z B z dz x y z
z

z z

, , , ,+( ) = ′( ) + ′( )[ ] ′







( )
+

∫∆
∆

exp  (65)

When ∆z is small, this reduces to

27 It should be noted that k is defi ned here as 1/λ rather than 2π/λ and 
therefore h rather than -h is used in the expression for E.
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 ψ
λ
π

σ ψx y z z
i

z i V x y z x y zxy z, , , , , ,+( ) = ∇ + ( )





( )∆ ∆ ∆exp
4

2  (66)

where V∆z is the projected specimen potential between z and z + ∆z:

 V x y z V x y z dzz

z

z z

∆

∆

, , , ,( ) = ′( ) ′
+

∫  (67)

The two operators in the exponent in Eq. (66) do not commute 
and therefore this function cannot be rewritten as a product of two 
exponential functions. However, as both operators are small (to the 
order of ∆z), the approximation

 e e e B A e eA B A B A Bε ε ε ε ε εε
ε ε+ = + + = +

2
3 2

2
[ ] ( ) ( ), O O  (68)

can be used.
This leaves the expression

 ψ
λ
π

ψx y z z
i z

t x y z x y zxy, , , , , ,+( ) = ∇( ) ( ) ( )∆
∆

exp
4

2  (69)

where t(x, y, z) is the transmission function for the specimen slice 
between z and z + ∆z:

 t(x, y, z) = exp[iσV∆z(x, y, z)] (70)

The fi rst operator can be further separated into components for x and 
y coordinates as

 exp exp exp
i z

i
x

i
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π

α α
∆
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2

2

2

2

2
∇( ) = ∂

∂

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
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∂
∂







 (71)

where α = λ∆z/4π.
Considering the Fourier transform of the operator for the x direction 

applied to a function f(x):

 FT i
x

f x e i
x

f x dxkxexp expα απ∂
∂
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e f x dx
n

kx nα π2 2  (73)

 = −∑ ∫ −( )
!

( ) ( )
i
n

k e f x dx
n

n kxα
π π2 2 2

 (74)

 = e−4iπ2k2αFT[f(x)] (75)

The above can be repeated for the y direction, fi nally yielding

 FT
i z

f x y i z k k FT f x yxy x yexp exp
λ
π

πλ
∆

∆
4

2 2 2∇( ) ( )




= − +( )[ ] ( ), ,[[ ]  (76)

Using this result a single multislice step can be written as

 ψ(x, y, z + ∆z) = FT−1 {P(kx, ky)FT [t(x, y, z)ψ(x, y, z)]} (77)

where the real-space transmission function, t(x, y, z), and the Fourier 
space propagation function, P(kx, ky), are given by
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 t(x, y, z) = exp[iσV∆z(x, y, z)] (78)

 P(kx, ky) = exp[−iπλ∆z(k2
x + k2

y)] (79)

It should be noted that the propagator has the same form as a wave 
aberration with a defocus of ∆z.

The algorithm can be implemented very effi ciently using FFTs and 
is particularly suitable for simulations of crystals, as only one unit 
cell has to be calculated and the periodic boundary conditions 
necessary for the Fourier transforms are automatically fulfi lled. The 
density of sampling points in the unit cell determines the maximum 
spatial frequency in the Fourier transform and therefore the maximum 
number of diffracted beams included in the simulation. To avoid 
aliasing artifacts, it is also necessary to exclude all beams above a limit 
less than the Nyquist frequency in the propagation step (Kirkland, 
1998).

Although the multislice method provides an accurate and computa-
tionally tractable method for calculating HRTEM images the approxi-
mations made in the above derivation can, under certain conditions, 
limit the accuracy achieved.

The number of beams included in the simulation is ultimately limited 
by the discrete sampling of the unit cell. Unlike the Bloch wave approach 
(Bethe, 1928), which gives self-consistent results even with a relatively 
small number of beams, the multislice method is reliable only when 
scattering into beams that are not included in the simulation is 
negligible. For any given simulation, this latter effect can be tested 
by verifying that the total intensity of the wavefunction does not 
decrease signifi cantly as the wave propagates through the specimen. 
A decrease of 5% over the complete specimen is considered acceptable 
(Kirkland, 1998), but with modern computers it is possible to choose a 
suffi ciently large number of beams to give a loss of intensity smaller 
than 0.1%.

The paraxial approximation implies the neglect of the term

 
i

z
λ
π

ψ
4

2

2

∂
∂  (80)

A wave scattered by an angle, θ, toward the x direction can be 
written as

 ψ = e2πk[sin θx+(cos θ−1)z] (81)

with k = 1/λ, hence

 ∂
∂

<
2

2
2 2 4ψ

π θ
z

k max  (82)

Therefore, the error due to the paraxial approximation accumulated 
over a specimen thickness, t, can be estimated as

 ∆ψ
λ
π

ψ π
λ
θ<

∂
∂

<
t

z
t

4 4

2

2
4

max
max  (83)

This term is vanishingly small for typical situations in HRTEM 
(e.g., E = 300 keV, λ = 2 pm, t = 20 nm, θmax = 20 mrad yields ∆ψ = 
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0.16%) and therefore any error introduced by the paraxial approxima-
tion can generally be neglected.

In principle, the error due to the paraxial approximation can be made 
arbitrarily small by making the slices suffi ciently thin. However, as the 
potential of each atom is usually projected into the slice that contains 
the atom center, the accuracy is still limited when propagation over the 
range of the atomic potential has a noticeable effect. In this case, the 
atomic potential has to be divided across several slices.

A useful feature of the exit-plane wavefunction calculated using the 
multislice method is that it depends qualitatively on the local potential 
of the crystal within a small cylinder whose axis is aligned to the inci-
dent beam direction with a diameter of typically a few nanometers for 
HRTEM imaging conditions. This suggests that HRTEM images of 
defects within a crystalline supercell can be simulated without per-
fectly smooth periodic continuation of the crystal potential at the 
supercell boundaries, as any abrupt changes in the potential will infl u-
ence the exit-plane wavefunction only laterally, within the radius of the 
above cylinder. Thus, simulated images of large scale defects can be 
separately computed in a montage of “patches” and subsequently 
joined (Olsen and Spence, 1981) provided the small allowance described 
is made at the borders for discontinuities in the potential. Signifi cantly 
this is not the case for simulations of dynamic electron diffraction pat-
terns from equivalent structures and these cannot be calculated using 
this “patching” approach.

Finally we observe that the derivation of the multislice algorithm 
described here is based on the Schrödinger equation, whereas a fully 
relativistic treatment would require the use of the Dirac equation. 
However, it has been shown (Fujiwara, 1962; Moodie et al., 2001) that 
provided relativistically correct expressions are used for both electron 
mass and wavelength, the expressions derived from the Schrödinger 
equation are an extremely good approximation of those derived from 
the Dirac equation.

6 Conclusions and Future Prospects

The current status of HRTEM is such that instrumentation, theory, and 
computational tools are available for structural determination of a 
wide range of technologically important materials at atomic resolution. 
However, there still remain a number of signifi cant experimental and 
theoretical challenges within this fi eld.

From a theoretical standpoint the majority of HRTEM images are 
still matched with simulations qualitatively, and even in instances in 
which quantitative metrics are applied a relatively poorly understood 
contrast mismatch remains (Boothroyd, 1998). There are also the con-
tinuing requirements for refi nement and extension of current theoreti-
cal frameworks to accommodate the increasing resolution and precision 
in the data available. Similarly, almost all HRTEM data are recorded 
for a limited number of projections and therefore access to full three-
dimensional information is restricted.
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Instrumentation for HRTEM continues to develop and the relatively 
recent development of monochromators, aberration correctors, and 
energy fi lters represent substantial advances. However, there remains 
considerable scope for improvements in detectors and the correction 
of chromatic aberration has not been realized experimentally at the 
time of writing.

Therefore, at present, the “grand challenge” is still the fully quantita-
tive determination of an unknown structure from HRTEM data, quan-
titatively matched to accurate image simulations and with suffi cient 
resolution to determine the coordinates of all atom species in three 
dimensions.
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2
Scanning Transmission 

Electron Microscopy
Peter D. Nellist

1. Introduction

The scanning transmission electron microscope (STEM) is a very pow-
erful and highly versatile instrument capable of atomic resolution 
imaging and nanoscale analysis. The purpose of this chapter is to 
describe what STEM is, to highlight some of the types of experiments 
that can be performed using a STEM, to explain the principles behind 
the common modes of operation, to illustrate the features of typical 
STEM instrumentation, and to discuss some of the limiting factors in 
its performance.

1.1 The Principle of Operation of a STEM

Figure 2–1 shows a schematic of the essential elements of a STEM. Most 
dedicated STEM instruments have their electron gun at the bottom of 
the column with the electrons traveling upward, which is how Figure 
2–1 has been drawn. Figure 2–2 shows a photograph of a dedicated 
STEM instrument.

More commonly available at the time of writing are combined con-
ventional transmission electron microscope (CTEM)/STEM instru-
ments. These can be operated in both the CTEM mode, where the 
imaging and magnifi cation optics are placed after the sample to provide 
a highly magnifi ed image of the exit wave from the sample, or the 
STEM mode as described in Section 8. Combined CTEM/STEM instru-
ments are derived from conventional transmission electron micro-
scopy (TEM) columns and have their gun at the top of the column. The 
pertinent optical elements are identical, and for a TEM/STEM Figure 
2–1 should be regarded as being inverted.

In many ways, the STEM is similar to the more widely known scan-
ning electron microscope (SEM). An electron gun generates a beam of 
electrons that is focused by a series of lenses to form an image of the 
electron source at a specimen. The electron spot, or probe, can be 
scanned over the sample in a raster pattern by exciting scanning defl ec-
tion coils, and scattered electrons are detected and their intensity 
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Figure 2–1. A schematic of the essential elements of a dedicated STEM instru-
ment showing the most common detectors.

plotted as a function of probe position to form an image. In contrast to 
an SEM, where a bulk sample is typically used, the STEM requires a 
thinned, electron transparent specimen. The most commonly used 
STEM detectors are therefore placed after the sample, and detect trans-
mitted electrons.

Since a thin sample is used (typically less than 50 nm thick), the 
probe spreading within the sample is relatively small, and the spatial 
resolution of the STEM is predominantly controlled by the size of the 
probe. The crucial image forming optics are therefore those before the 
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sample that are forming the probe. Indeed the short-focal-length lens 
that fi nally focuses the beam to form the probe is referred to as the 
objective lens. Other condenser lenses are usually placed before the 
objective to control the degree to which the electron source is demagni-
fi ed to form the probe. The electron lenses used are comparable to 
those in a conventional TEM, as are the electron accelerating voltages 
used (typically 100–300 kV). Probe sizes below the interatomic spacings 
in many materials are often possible, which is the great strength of 
STEM. Atomic resolution images can be readily formed, and the probe 
can then be stopped over a region of interest for spectroscopic analysis 
at or near atomic resolution.

To form a small, intense probe we clearly need a correspondingly 
small, intense electron source. Indeed, the development of the cold fi eld 
emission gun by Albert Crewe and co-workers nearly 40 years ago 
(Crewe et al., 1968a) was a necessary step in their subsequent construc-
tion of a complete STEM instrument (Crewe et al., 1968b). The quantity 
of interest for an electron gun is actually the source brightness, which 
will be discussed in Section 9. Field-emission guns are almost always 

Figure 2–2. A photograph of a d edicated STEM instrument (VG Microscopes 
HB501). The gun is below the table level, with most of the electron optics above 
the table. At the top of the column can be seen a magnetic prism spectrometer 
for electron energy-loss spectroscopy.
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used for STEM, either a cold fi eld emission gun (CFEG) or a Schottky 
thermally assisted fi eld emission gun. In the case of a CFEG, the source 
size is typically around 5 nm, so the probe-forming optics must be 
capable of demagnifying its image of the order of 100 times if an atomic 
sized probe is to be achieved. In a Schottky gun the demagnifi cation 
must be even greater.

The size of the image of the source is not the only probe size defi ning 
factor. Electron lenses suffer from inherent aberrations, in particular 
spherical and chromatic aberrations. The aberrations of the objective 
lens generally have greatest effect, and limit the width of the beam 
that may pass through the objective lens and still contribute to a small 
probe. Aberrated beams will not be focused at the correct probe posi-
tion, and will lead to large diffuse illumination thereby destroying 
the spatial resolution. To prevent the higher angle aberrated beams 
from illuminating the sample, an objective aperture is used, and is 
typically a few tens of microns in diameter. The existence of an 
objective aperture in the column has two major implications: (1) As 
with any apertured optical system, there will be a diffraction limit 
to the smallest probe that can be formed, and this diffraction limit 
may well be larger than the source image. (2) The current in the 
probe will be limited by the amount of current that can pass through 
the aperture, and much current will be lost as it is blocked by the 
aperture.

Because the STEM resembles the more commonly found SEM in 
many ways, several of the detectors that can be used are common to 
both instruments, such as the secondary electron (SE) detector and the 
energy-dispersive X-ray (EDX) spectrometer. The highest spatial reso-
lution in STEM is obtained by using the transmitted electrons, however. 
Typical imaging detectors used are the bright-fi eld (BF) detector and 
the annular dark-fi eld (ADF) detector. Both these detectors sum the 
electron intensity over some region of the far fi eld beyond the sample, 
and the result is displayed as a function of probe position to generate 
an image. The BF detector usually collects over a disc of scattering 
angles centered on the optic axis of the microscope, whereas the ADF 
detector collects over an annulus at higher angle where only scattered 
electrons are detected. The ADF imaging mode is important and unique 
to STEM in that it provides incoherent images of materials and has a 
strong sensitivity to atomic number allowing different elements to 
show up with different intensities in the image.

Two further detectors are often used with the STEM probe stationary 
over a particular spot: (1) A Ronchigram camera can detect the inten-
sity as a function of position in the far fi eld, and shows a mixture of 
real-space and reciprocal-space information. It is mainly used for 
microscope diagnostics and alignment rather than for investigation of 
the sample. (2) A spectrometer can be used to disperse the transmitted 
electrons as a function of energy to form an electron energy-loss (EEL) 
spectrum. The EEL spectrum carries information about the composi-
tion of the material being illuminated by the probe, and even can show 
changes in local electron structure through, for example, bonding 
changes.
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1.2 Outline of Chapter

The crucial aspect of STEM is the ability to focus a small probe at a 
thin sample, so we start by describing the form of the STEM probe and 
how it is computed. To understand how images are formed by the BF 
and ADF detectors, we need to know the electron intensity distribution 
in the far fi eld after the probe has been scattered by the sample, which 
is the intensity that would be observed by a Ronchigram camera. This 
allows us to go on and consider BF and ADF imaging.

Moving on to the analytical detectors, there is a section on the EEL 
spectrum that emphasizes some aspects of the spatial localization of 
the EEL spectrum signal. Other detectors, such as EDX and SE, that are 
also found on SEM instruments are briefl y discussed.

Having described STEM imaging and analysis we return to some 
instrumental aspects of STEM. We discuss typical column design, and 
then go on to analyze the requirements for the electron gun in STEM. 
Consideration of the effect of the fi nite gun brightness brings us to a 
discussion of the resolution limiting factors in STEM where we also 
consider spherical and chromatic aberrations. We fi nish that section 
with a discussion of spherical aberration correction in STEM, which is 
arguably having the greatest contribution in the fi eld of STEM and is 
producing a revolution in performance.

There have been several review articles previously published on 
STEM (for example, Cowley, 1976; Crewe, 1980; Brown, 1981). More 
recently, instrumental improvements have increased the emphasis on 
atomic resolution imaging and analysis. In this chapter we tend to focus 
on the principles and interpretation of STEM data when it is operating 
close to the limit of its spatial resolution.

2. The STEM Probe

The crucial aspect of STEM performance is the ability to focus a sub-
nanometer-sized probe at the sample, so we start by examining the 
form of that probe. We will initially assume that the electron source is 
infi nitesimal, and that the beam is perfectly monochromatic. The 
effects of these assumptions not holding are explored in more detail 
in Section 10.

The probe is formed by a strong imaging lens, known as the objective 
lens, that focuses the electron beam down to form the crossover that 
is the probe. Typical electron wavelengths in the STEM range from 
3.7 pm (for 100-keV electrons) to 1.9 pm (for 300-keV electrons), so we 
might expect the probe size to be close to these values. Unfortunately, 
all circularly symmetric electron lenses suffer from inherent spherical 
aberration, as fi rst shown by Scherzer (1936), and for most TEMs this 
has typically limited the resolution to about 100 times worse that the 
wavelength limit.

The effect of spherical aberration from a geometric optics standpoint 
is shown in Figure 2–3. Spherical aberration causes an overfocusing of 
the higher angle rays of the convergent beam so that they are brought 
to a premature focus. The Gaussian focus plane is defi ned as the plane 
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at which the beams would have been focused had they been unaber-
rated. At the Gaussian plane, spherical aberration causes the beams to 
miss their correct point by a distance proportional to the cube of the 
angle of ray. Spherical aberration is therefore described as being a third-
order aberration, and the constant of proportionality is given the 
symbol, CS, such that

 ∆x = CSθ3 (2.1)

If the convergence angle of the electron beam is limited, then it can be 
seen in Figure 2–3 that the minimum beam waist, or disc of least confu-
sion, is located closer to the lens than the Gaussian plane, and that the 
best resolution in a STEM is therefore achieved by weakening or under-
focusing the lens relative to its nominal setting. Underfocusing the lens 
compensates to some degree for the overfocusing effects of spherical 
aberration.

The above analysis is based upon geometric optics, and ignores the 
wave nature of the electron. A more quantitative approach is through 
wave optics. Because the lens aberrations affect the rays converging to 
form the probe as a function of angle, they can be incorporated as a 
phase shift in the front-focal plane (FFP) of the objective lens. The FFP 
and the specimen plane are related by a Fourier transform, as per the 
Abbe theory of imaging (Born and Wolf, 1980). A point in the front-
focal plane corresponds to one partial-plane wave within the ensemble 
of plane waves converging to form the probe. The defl ection of the ray 
by a certain distance at the sample corresponds to a phase gradient in 
the FFP aberration function, and the phase shift due to aberration in 
the FFP is given by

 χ(K) = (πzλ|K|2 + 1_2πCSλ3|K|4) (2.2)

where we have also included the defocus of the lens, z, and K is a 
reciprocal space wavevector that is related to the angle of convergence 
at the sample by

 K = θ
λ  (2.3)

Figure 2–3. A geometric optics view of the effect of spherical aberration. At the Gaussian focus plane 
the aberrated rays are displaced by a distance proportional to the cube of the ray angle, θ. The 
minimum beam diameter is at the disc of least confusion, defocused from the Gaussian focus plane 
by a distance, z.
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Thus the point K in the front-focal plane of the objective lens corre-
sponds to a partial plane wave converging at an angle q at the sample. 
Once the peak-to-peak phase change of the rays converging to form 
the probe is greater than π/2, there will be an element of destructive 
interference, which we wish to avoid to form a sharp probe. Equation 
(2.2) is a quartic function, but we can use negative defocus (underfo-
cus) to minimize the excursion of χ beyond a peak-to-peak change of 
π/2 over as wide a range of angles as possible (Figure 2–4). Beyond a 
critical angle, α, we use a beam-limiting aperture, known as the objec-
tive aperture, to prevent the more aberrated rays contributing to 
the probe. This aperture can be represented in the FFP by a two-
dimensional top-hat function, Hα(K). Now we can defi ne a so-called 
aperture function, A(K), that represents the complex wavefunction in the 
FFP,

 A(K) = Hα(K)exp[iχ(K)] (2.4)

Finally we can compute the wave function of the probe at the sample, 
or probe function, by taking the inverse Fourier transform of (2.4) to 
give

 P A i dR K K R K( ) = ( ) −( )∫ exp 2π ⋅  (2.5)

To express the ability of the STEM to move the probe over the sample, 
we can include a shift term in (2.5) to give

 P A i i dR R K K R K R K−( ) = ( ) −( ) ( )0 ∫ exp exp2 2 0π π⋅ ⋅  (2.6)

Figure 2–4. The aberration phase shift, χ, in the front-focal, or aperture, plane plotted as a function 
of convergence angle, θ, for an accelerating voltage of 200 kV, CS = 1 mm and defocus z = −35.5 nm. The 
darker lines indicate the π/4 limits giving a peak-to-peak variation of π/2.
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Moving the probe is therefore equivalent to adding a linear ramp to 
the phase variation across the FFP.

The intensity of the probe function is found by taking the modulus 
squared of P(R), as is plotted for some typical values in Figure 2–5 Note 
that this so-called diffraction limited probe has subsidiary maxima some-
times known as Airy rings, as would be expected from the use of an 
aperture with a sharp cut-off. These subsidiary maxima can result in 
weak features observed in images (see Section 5.3) that are image arti-
facts and not related to the specimen structure.

Let us examine the defocus and aperture size that should be used to 
provide an optimally small probe. Different ways of measuring probe 
size lead to various criteria for determining the optimal defocus (see, for 
example, Mory et al., 1987), but they all lead to similar results. We can 
again use the criterion of constraining the excursions of χ so that they 
are no more than π/4 away from zero. For a given objective lens spherical 
aberration, the optimal defocus is then given by

 z = −0.71λ1/2CS
1/2 (2.7)

allowing an objective aperture with radius

 α = 1.3λ1/4CS
−1/4 (2.8)

to be used. A useful measure of STEM resolution is the full-width at 
half-maximum (FWHM) of the probe intensity profi le. At optimum 

Figure 2–5. The intensity of a diffraction-limited STEM probe for the illumi-
nation conditions given in Figure 2–4. An objective aperture of radius 9.3 mrad 
has been used.
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defocus and with the correct aperture size, the probe FWHM is given 
by

 d = 0.4λ3/4CS
1/4 (2.9)

Note that the use of increased underfocusing can lead to a reduction in 
the probe FWHM at the expense of increased intensity in the subsidiary 
maxima, thereby reducing the useful current in the central maximum 
and leading to image artifacts. Along with other ways of quoting resolu-
tion, the FWHM must be interpreted carefully in terms of the image 
resolution.

3. Coherent CBED and Ronchigrams

Most STEM detectors are located beyond the specimen and detect the 
electron intensity in the far fi eld. To interpret STEM images, it is there-
fore fi rst necessary to understand the intensity found in the far fi eld. 
In combination CTEM/STEM instruments, the far-fi eld intensity can 
be observed on the fl uorescent screen at the bottom of the column 
when the instrument is operated in STEM mode with the lower column 
set to diffraction mode. In dedicated STEM instruments it is usual to 
have a camera consisting of a scintillator coupled to a CCD array in 
order to observe this intensity.

In conventional electron diffraction, a sample is illuminated with a 
highly parallelized plane wave illumination. Electron scattering occurs, 
and the intensity observed in the far fi eld is given by the modulus 
squared of the Fourier transform of the wavefunction, y (R), at the exit 
surface of the sample,

 I i dK K R K R R( ) = ( ) = ( ) [ ]∫Ψ 2 2
2ψ πexp ⋅  (3.1)

The scattering wavevector in the detector plane, K, is related to the 
scattering angle, q, by

 K = θ
λ  (3.2)

A detailed discussion of electron diffraction is in general beyond the 
scope of this text, but the reader is referred to the many excellent text-
books on this subject (Hirsch et al., 1977; Cowley, 1990, 1992). In STEM, 
the sample is illuminated by a probe that is formed from a collapsing 
convergent spherical wavefront. The electron diffraction pattern is 
therefore broadened by the range of illumination angles in the conver-
gent beam. In the case of a crystalline sample where one might expect 
to observe diffracted Bragg spots, in the STEM the spots are broadened 
into discs that may even overlap with their neighbors. Such a pattern 
is known as a convergent beam electron diffraction (CBED) or micro-
diffraction pattern because the convergent beam leads to a small illu-
mination spot. See Spence and Zuo (1992) for a textbook covering 
aspects of microdiffraction and CBED and Cowley (1978) for a review 
of microdiffraction.
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3.1 Ronchigrams of Crystalline Materials

If the electron source image at the sample is much smaller than the 
diffraction limited probe, then the convergent beam forming the probe 
can be regarded as being coherent. A crystalline sample diffracts elec-
trons into discrete Bragg beams, and in a STEM these are broadened to 
give discs. The high coherence of the beam means that if the discs 
overlap then interference features can be seen, such as the fringes in 
Figure 2–6. Such coherent CBED patterns are also known as coherent 
microdiffraction patterns or even nanodiffraction patterns. Their obser-
vation in the STEM has been described extensively by Cowley (1979b, 
1981) and Cowley and Disko (1980) and reviewed by Spence (1992).

To understand the form of these interference fringes, let us fi rst 
consider a thin crystalline sample that can be described by a simple 
transmittance function, φ(R). The exit-surface wavefunction will be 
given by,

 y (R, R0) = P(R − R0)f (R) (3.3)

Where R0 represents the probe position. Because Eq. 3.3 is a product of 
two functions, taking its Fourier transform [inserting into Eq. (3.1)] 
results in a convolution between the Fourier transform of P(R) and the 
Fourier transform of φ (R). Taking the Fourier transform of P(R), from 
Eq. (2.5) simply gives A(K). For a crystalline sample, the Fourier trans-
form of φ (R) will consist of discrete Dirac δ-functions, which correspond 
to the Bragg spots, at values of K corresponding to the reciprocal lattice 
points. We can therefore write the far fi eld wavefunction, Ψ(K), as a sum 
of multiple aperture functions centered on the Bragg spots,

 K g K g R0 02( ) = −( ) −( )[ ]∑φ πg
g

A iexp i  (3.4)

Figure 2–6. A coherent CBED pattern of Si<110>. Note the interference fringes 
in the overlap region that show that the probe is defocused from the sample.

Ψ K, R
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where φg is a complex quantity expressing the amplitude and phase of 
the g diffracted beam. Equation 3.4 is simply expressing the array of 
discs seen in Figure 2–6.

To examine just the overlap region between the g and h diffracted 
beam, let us expand (3.4) using (2.4). Since we are just interested in the 
overlap region we will neglect to include the top-hat function, H(K), 
which denotes the physical objective aperture, leaving

0 g 0

 + φh exp[iχ(K − h) + i2π(K − h) · R0] (3.5)

and we fi nd the intensity by taking the modulus squared of Eq. (3.5),

0 g h g h

− χ(K − h) + 2π(h − g) · R0 + ∠φg − ∠φh] (3.6)

where ∠φg denotes the phase of the g diffracted beam. The cosine 
term shows that the disc overlap region contains interference features, 
and that these features depend on the lens aberrations, the position 
of the probe, and the phase difference between the two diffracted 
beams.

If we assume that the only aberration present is defocus, then the 
terms including χ in (3.6) become

 χ(K − g) − χ(K − h) = πzλ (K − g)

2

 − (K − h)2

 = πzλ 2K · (h − g) + |g|2 + |h|2  (3.7)

Because Eq. (3.7) is linear in K, a uniform set of fringes will be observed 
aligned perpendicular to the line joining the centers of the correspond-
ing discs, as seen in Figure 2–6. For interference involving the central, 
or bright-fi eld, disc we can set g = 0. The spacing of fringes in the 
microdiffraction pattern from interference between the BF disc and 
the h diffracted beam is (zλ|h|)−1, which is exactly what would be 
expected if the interference fringes were a shadow of the lattice planes 
corresponding to the h diffracted beam projected using a point 
source a distance z from the sample (Figure 2–7). When the objective 
aperture is removed, or if a very large aperture is used, then the inten-
sity in the detector plane is referred to as a shadow image. If the sample 
is crystalline, then the shadow image consists of many crossed sets of 
fringes distorted by the lens aberrations. These crystalline shadow 
images are often referred to as Ronchigrams, deriving from the use of 
similar images in light optics for the measurement of lens aberrations 
(Ronchi, 1964). It is common in STEM for shadow images of both crys-
talline and nonperiodic samples to be referred to as Ronchigrams, 
however.

The term containing R0 in the cosine argument in Eq. (3.6) shows 
that these fringes move as the probe is moved. Just as we might expect 
for a shadow, we need to move the probe one lattice spacing for the 
fringes all to move one fringe spacing in the Ronchigram. The idea of 
the Ronchigram as a shadow image is particularly useful when con-
sidering Ronchigrams of amorphous samples (see Section 3.2). Other 
aberrations, such as astigmatism or spherical aberration, will distort 

Ψ(K, R ) = φ  exp[iχ(K − g) + i2π(K − g) · R ]  

 I(K, R ) = |φ |  + |φ |  + 2|φ ||φ |cos[χ(K − g)

[
[ ]

]

2
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the fringes so that they are no longer uniform. These distortions may 
be a useful method of measuring lens aberrations, though the analysis 
of shadow images for determining lens aberrations is more straight-
forward with nonperiodic samples (Dellby et al., 2001).

The argument of the cosine in Eq. (3.6) also contains the phase dif-
ference between the g and h diffracted beams. By measuring the posi-
tion of the fringes in all the available disc overlap regions, the phase 
difference between pairs of adjacent diffracted beams can be deter-
mined. It is then straightforward to solve for the phase of all the dif-
fracted beams, thereby solving the phase problem in electron diffraction. 
Knowledge of the phase of the diffracted beams allows immediate 
inversion to the real-space exit-surface wavefunction. The spatial reso-
lution of such an inversion is limited only by the largest angle dif-
fracted beam that can give rise to observable fringes in the 
microdiffraction pattern, which will typically be much larger than 
the largest angle that can be passed through the objective lens (i.e., 
the radius of the BF disc in the microdiffraction pattern). The method 
was fi rst suggested by Hoppe (1969a,b, 1982) who gave it the name 
ptychography. Using this approach, Nellist et al. (1995; Nellist and 
Rodenburg, 1998) were able to form an image of the atomic columns 
in Si〈110〉 in a STEM that conventionally would be unable to image 
them. Ptychography has not become a common method in STEM, 
mainly because the phasing method described above works only for 
thin samples. In thicker samples, for which dynamic diffraction theory 
is applicable, the phase of the diffracted beams can depend on the 
angle of the incident beam. The inherent phase of a diffracted beam 
may therefore vary across its disc in a microdiffraction pattern, making 
the simple phasing approach discussed above fail. Spence (1998a,b) has 
discussed in principle how a crystalline microdiffraction pattern data 
set can be inverted to the scattering potential for dynamically scatter-
ing samples, though as yet there has not been an experimental 
demonstration.

Figure 2–7. If the probe is defocused from the sample plane, the probe cross-
over can be thought of as a point source located distant from the sample. In 
the geometric optics approximation, the STEM detector plane is a shadow 
image of the sample, with the shadow magnifi cation given by the ratio of the 
probe-detector and probe-sample distances. If the sample is crystalline, then 
the shadow image is referred to as a Ronchigram.
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3.2 Ronchigrams of Noncrystalline Materials

When observing a noncrystalline sample in a Ronchigram, it is gener-
ally suffi cient to assume that most of the scattering in the sample is 
at angles much smaller than the illumination convergence angles, 
and that we can broadly ignore the effects of diffraction. In this case 
only the BF disc is observable to any signifi cance, but it contains 
an image of the sample that resembles a conventional bright-fi eld 
image that would be observed in a conventional TEM at the defocus 
used to record the Ronchigram (Cowley, 1979b). The magnifi cation of 
the image is again given by assuming that it is a shadow projected 
by a point source a distance z (the lens defocus) from the sample. 
As the defocus is reduced, the magnifi cation increases (Figure 2–8) 
until it passes through an infi nite magnifi cation condition when the 
probe is focused exactly at the sample. For a quantitative discussion 
of how Eq. (3.6) reduces to a simple shadow image in the case of pre-
dominantly low angle scattering, see Cowley (1979b) and Lupini 
(2001).

Aberrations of the objective lens will cause the distance from the 
sample to the crossover point of the illuminating beam to vary as a func-
tion of angle within the beam (Figure 2–3), and therefore the apparent 
magnifi cation will vary within the Ronchigram. Where crossovers occur 
at the sample plane, infi nite magnifi cation regions will be seen. For 
example, positive spherical aberration combined with negative defocus 
can give rise to rings of infi nite magnifi cation (Figure 2–8). Two infi nite 
magnifi cation rings occur, one corresponding to infi nite magnifi cation 
in the radial direction and one in the azimuthal direction (Cowley, 1986; 
Lupini, 2001).

Measuring the local magnifi cation within a noncrystalline Ronchi-
gram can readily be done by moving the probe a known distance and 
measuring the distance features move in the Ronchigram. The local 
magnifi cations from different places in the Ronchigram can then be 
inverted to values for aberration coeffi cients. This is the method 
invented by Krivanek et al. (Dellby et al., 2001) for autotuning of a 

machine, the Ronchigram of a nonperiodic sample is typically used to 
align the instrument (Cowley, 1979a). The coma free axis is immedi-
ately obvious in a Ronchigram, and astigmatism and focus can be 
carefully adjusted by observation of the magnifi cation of the speckle 
contrast. Thicker crystalline samples also show Kikuchi lines in the 
shadow image, which allows the crystal to be carefully tilted and 
aligned with the microscope coma-free axis simply by observation of 
the Ronchigram.

Finally it is worth noting that an electron shadow image for a weakly 
scattering sample is actually an in-line hologram (Lin and Cowley, 
1986) as fi rst proposed by Gabor (1948) for the correction of lens aber-
rations. The extension of resolution through the ptychographical recon-
struction described in Section (3.1) can be extended to nonperiodic 
samples (Rodenburg and Bates, 1992), and has been demonstrated 
experimentally (Rodenburg et al., 1993).

STEM aberration corrector. Even for a non-aberration corrected 
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a

b

Figure 2–8. Ronchigrams of Au nanoparticles on a thin C fi lm recorded at 
different defocus values (a and b). Notice the change in image magnifi cation, 
and the radial and azimuthal rings of infi nite magnifi cation.

4. Bright-Field Imaging and Reciprocity

In Section 3 we examined the form of the electron intensity that would 
be observed in the detector plane of the instrument using an area 
detector, such as a CCD. In STEM imaging we detect only a single 
signal, not a two-dimensional array, and plot it as a function of the 
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probe position. An example of such an image is a STEM BF image, for 
which we detect some or all of the BF disc in the Ronchigram. Typically 
the detector will consist of a small scintillator, from which the light 
generated is directed into a photomultiplier tube. Since the BF detector 
will just be summing the intensity over a region of the Ronchigram, 
we can use the Ronchigram formulation in Section 3 to analyze the 
contrast in a BF image.

4.1 Lattice Imaging in BF STEM

In Section 3.1 we saw that if the diffracted discs in the Ronchigram 
overlap then coherent interference can occur, and that the intensity in 
the disc overlap regions will depend on the probe position, R0. If the 
discs do not overlap, then there will be no interference and no depen-
dence on probe position. In this latter case, no matter where we place 
a detector in the Ronchigram, there will be no change in intensity as 
the probe is moved and therefore no contrast in an image.

The theory of STEM lattice imaging has been described (Spence and 
Cowley, 1978). Let us fi rst consider the case of an infi nitesimal detector 
right on the axis, which corresponds to the center of the Ronchigram. 
From Figure 2–9 it is clear that we will see contrast only if the diffracted 
beams are less than an objective aperture radius from the optic axis. 
The discs from three beams now interfere in the region detected. From 
(3.5), the wavefunction at the point detected will be

 Ψ(K = 0, R0) = 1 + φg exp[iχ(−g) − i2πg · R0]
 + φ−g exp[iχ(g) + i2πg · R0] (4.1)

Figure 2–9. A schematic diagram showing that for a crystalline sample, a 
small, axial bright-fi eld (BF) STEM detector will record changes in intensity 
due to interference between three beams: the 0 unscattered beam and the +g 
and -g Bragg refl ections.
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which can also be written as the Fourier transform of the product of 
the diffraction spots of the sample and the phase shift due to the lens 
aberrations,

 

Ψ K 0 R K K g K g

K K

=( ) = ′( ) + ′ +( )[ + ′ −( )]
′( )[ ] ′

∫ −,

exp exp

0

2

δ φ δ φ δ

χ π
g g

i i ⋅⋅R K0( ) ′d  (4.2)

Equations (4.1) and (4.2) are identical to those for the wavefunction in 
the image plane of a CTEM when forming an image of a crystalline 
sample. In the simplest model of a CTEM (Spence, 1988), the sample is 
illuminated with plane wave illumination. In the back focal plane of the 
objective lens we could observe a diffraction pattern, and the wavefunc-
tion for this plane corresponds to the fi rst bracket in the integrand of 
(4.2). The effect of the aberrations of the objective lens can then be 
accommodated in the model by multiplying the wavefunction in the 
back focal plane by the usual aberration phase shift term, and this can 
also be seen in (4.2). The image plane wavefunction is then obtained by 
taking the Fourier transform of this product. Image formation in a 
STEM can be thought of as being equivalent to a CTEM with the beam 
trajectories reversed in direction.

What we have shown here, for the specifi c case of BF imaging of a 
crystalline sample, is the princple of reciprocity in action. When the elec-
trons are purely elastically scattered, and there is no energy loss, the 
propagation of the electrons is time reversible. The implication for 
STEM is that the source plane of a STEM is equivalent to the detector 
plane of a CTEM and vice versa (Cowley, 1969; Zeitler and Thomson, 
1970). Condenser lenses are used in a STEM to demagnify the source, 
which corresponds to projector lenses being used in a CTEM for mag-
nifying the image. The objective lens of a STEM (often used with an 
objective aperture) focuses the beam down to form the probe. In a 
CTEM, the objective lens collects the scattered electrons and focuses 
them to form a magnifi ed image. Confusion can arise with combined 
CTEM/STEM instruments, in which the probe-forming optics are dis-
tinct from the image- forming optics. For example, the term objective 
aperture is usually used to refer to the aperture after the objective lens 
used in CTEM image formation. In STEM mode, the beam convergence 
is controlled by an aperture that is usually referred to as the condenser 
aperture, although by reciprocity this aperture is acting optically as an 
objective aperture. The correspondence by reciprocity between CTEM 
and STEM can be extended to include the effects of partial coherence. 
Finite energy spread of the illumination beam in CTEM has an effect 
on the image similar to that in STEM for the equivalent imaging 
mode. The fi nite size of the BF detector in a STEM gives rise to limited 
spatial coherence in the image (Nellist and Rodenburg, 1994), and cor-
responds to having a fi nite divergence of the illuminating beam in a 
STEM. In STEM, the loss of the spatial coherence can easily be under-
stood as the averaging out of interference effects in the Ronchigram 
over the area of the BF detector. At the other end of the column there 
is also a correspondence between the source size in STEM and the 
detector pixel size in a CTEM. Moving the position of the BF STEM 
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detector is equivalent to tilting the illumination in CTEM. In this way 
dark-fi eld images can be recorded. A carefully chosen position for a BF 
detector could also be used to detect the interference between just two 
diffracted discs in the microdiffraction pattern, allowing interference 
between the 0 beam and a beam scattered by up to the aperture diam-
eter to be detected. In this way higher-spatial resolution information 
can be recorded, in an equivalent way to using a tilt sequence in CTEM 
(Kirkland et al., 1995).

Although reciprocity ensures that there is an equivalence in the 
image contrast between CTEM and STEM, it does not imply that the 
effi ciency of image formation is identical. Bright-fi eld imaging in a 
CTEM is effi cient with electrons because most of the scattered electrons 
are collected by the objective lens and used in image formation. In 
STEM, a large range of angles illuminates the sample and these are 
scattered further to give an extensive Ronchigram. A BF detector 
detects only a small fraction of the electrons in the Ronchigram, and 
is therefore ineffi cient. Note that this comparison applies only for BF 
imaging. There are other imaging modes, such as annular dark-fi eld 
(Section 5), for which STEM is more effi cient.

4.2 Phase Contrast Imaging in BF STEM

Thin weakly scattering samples are often approximated as being weak 
phase objects (see, for example, Cowley, 1992). Weak phase objects 
simply shift the phase of the transmitted wave such that the specimen 
transmittance function can be written

 φ(R0) = 1 + iσV(R0) (4.3)

where σ is known as the interaction constant and has a value given by

 σ = 2πmeλ/h2 (4.4)

where the electron mass, m, and the wavelength, λ, are relativistically 
corrected, and V is the projected potential of the sample. Equation (4.3) 
is simply the expansion of exp[iσV(R0)] to fi rst order, and therefore 
requires that the product σV(R0) is much smaller than unity. The 
Fourier transform of (4.3) is

 Φ(K′) = δ(K′) + iσṼ(K′) (4.5)

and can be substituted for the fi rst bracket in the integrand of (4.2)
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Noticing that (4.6) is the Fourier transform of a product of functions, 
it can be written as a convolution in R0.

 Ψ(K = 0, R0) = 1 + iσV(R0) � FT{cos[χ(K′)] + i sin[χ(K′]} (4.7)

Taking the intensity of (4.7) gives the BF image

 I(R0) = 1 − 2σV(R0) � FT{sin[χ(R0]} (4.8)
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where we have neglected terms greater than fi rst order in the potential, 
and made use of the fact that the sine and cosine of χ are even and 
therefore their Fourier transforms are real.

Not surprisingly, we have found that imaging a weak-phase object 
using an axial BF detector results in a phase contrast transfer function 
(PCTF) (Spence, 1988) identical to that in CTEM, as expected from reci-
procity. Lens aberrations are acting as a phase plate to generate phase 
contrast. In the absence of lens aberrations, there will be no contrast. 
We can also interpret this result in terms of the Ronchigram in a STEM, 
remembering that axial BF imaging requires an area of triple overlap 
of discs (Figure 2–9). In the absence of lens aberrations, the interference 
between the BF disc and a scattered disc will be in antiphase to that 
between the BF disc and the opposite, conjugate diffracted disc, and 
there will be no intensity changes as the probe is moved. Lens aberra-
tions will shift the phase of the interference fringes to give rise to image 
contrast. In regions of two disc overlap, the intensity will always vary 
as the probe is moved. Moving the detector to such two beam condi-
tions will then give contrast, just as two-beam tilted illumination in 
CTEM will give fringes in the image. In such conditions, the diffracted 
beams may be separated by up to the objective aperture diameter, and 
still the fringes resolved.

4.3 Large Detector Incoherent BF STEM

Increasing the size of the BF detector reduces the degree of spatial 
coherence in the image, as already discussed in Section 4.1. One expla-
nation for this is the increasing degree to which interference features in 
the Ronchigram are being averaged out. Eventually the BF detector can 
be large enough that the image can be described as being incoherent. 
Such a large detector will be the complement of an annular dark-fi eld 
detector: the BF detector corresponding to the hole in the ADF detector. 
Electron absorption in samples of thicknesses usually used for high-
resolution microscopy is small compared to the transmittance, which 
means that the large detector BF intensity will be

 IBF(R0) = 1 − IADF(R0) (4.9)

We will defer discussion of incoherent imaging to Section 5. It is, 
however, worth noting that because IADF is a small fraction of the inci-
dent intensity (typically just a few percent), the contrast in IBF will be 
small compared to the total intensity. The image noise will scale with 
the total intensity, and therefore it is likely that a large detector BF 
image will have worse signal to noise than the complimentary ADF 
image.

5. Annular Dark-Field Imaging

Annular dark-fi eld (ADF) imaging is by far the most ubiquitous STEM 
imaging mode [see Nellist and Pennycook (2000) for a review of ADF 
STEM]. It provides images that are relatively insensitive to focusing 
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errors, in which compositional changes are obvious in the contrast, and 
atomic resolution images that are much easier to interpret in terms of 
atomic structure than their high-resolution TEM (HRTEM) counter-
parts. Indeed, the ability of a STEM to perform ADF imaging is one of 
the major strengths of STEM and is partly responsible for the growth 
of interest in STEM over the past two decades.

The ADF detector is an annulus of scintillator material coupled to a 
photomultiplier tube in a way similar to the BF detector. It therefore 
measures the total electron signal scattered in angle between an inner 
and an outer radius. These radii can both vary over a large range, but 
typically the inner radius would be in the range of 30–100 mrad and 
the outer radius 100–200 mrad. Often the center of the detector is a hole, 
and electrons below the inner radius can pass through the detector for 
use either to form a BF image, or more commonly to be energy ana-
lyzed to form an electron energy-loss spectrum. By combining more 
than one mode in this way, the STEM makes highly effi cient use of the 
transmitted electrons.

Annular dark-fi eld imaging was introduced in the fi rst STEMs built 
in Crewe’s laboratory (Crewe, 1980). Initially their idea was that the 
high angle elastic scattering from an atom would be proportional to 
the product of the number of atoms illuminated and Z3/2, where Z is 
the atomic number of the atoms, and this scattering would be detected 
using the ADF detector. Using an energy analyzer on the lower-angle 
scattering they could also separate the inelastic scattering, which was 
expected to vary as the product of the number of atoms and Z1/2. By 
forming the ratio of the two signals, it was hoped that changes in speci-
men thickness would cancel, leaving a signal purely dependent on 
composition, and given the name Z contrast. Such an approach ignores 
diffraction effects within the sample, which we will see later is crucial 
for quantitative analysis. Nonetheless, the high-angle elastic scattering 
incident on an ADF detector is highly sensitive to atomic number. As 
the scattering angle increases, the scattered intensity from an atom 
approaches the Z2 dependence that would be expected for Rutherford 
scattering from an unscreened Coulomb potential. In practice this limit 
is not reached, and the Z exponent falls to values typically around 1.7 
(see, for example, Hartel et al., 1996) due to the screening effect of the 
atom core electrons. This sensitivity to atomic number results in images 
in which composition changes are more strongly visible in the image 
contrast than would be the case for high-resolution phase-contrast 
imaging. It is for this reason that using the fi rst STEM operating at 
30 kV (Crewe et al., 1970), it was possible to image single atoms of Th 
on a carbon support.

Once STEM instruments became commercially available in the 1970s, 
attention turned to using ADF imaging to study heterogeneous catalyst 
materials (Treacy et al., 1978). Often a heterogeneous catalyst consists 
of highly dispersed precious metal clusters distributed on a lighter 
inorganic support such as alumina, silica, or graphite. A system con-
sisting of light and heavy atomic species such as this is an ideal subject 
for study using ADF STEM. Attempts were made to quantify the 
number of atoms in the metal clusters using ADF intensities. Howie 
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(1979) pointed out that if the inner radius was high enough, the thermal 
diffuse scattering (TDS) of the electrons would dominate. Because TDS 
is an incoherent scattering process, it was assumed that ensembles of 
atoms would scatter in proportion to the number of atoms present. It 
was shown, however, that diffraction effects can still have a large 
impact on the intensity (Donald and Craven, 1979). Specifi cally, when 
a cluster is aligned so that one of the low order crystallographic direc-
tions is aligned with the beam, a cluster is observed to be considerably 
brighter in the ADF image.

An alternative approach to understanding the incoherence of ADF 
imaging invokes the principle of reciprocity. Phase contrast imaging in 
an HREM is an imaging mode that relies on a high degree of coherence 
in order to form contrast. The specimen illumination is arranged to be 
as plane wave as possible to maximize the coherence. By reciprocity, an 
ADF detector in a STEM corresponds hypothetically to a large, annular, 
incoherent illumination source in a CTEM. This type of source is not 
really viable for a CTEM, but illumination of this sort is extremely inco-
herent, and renders the specimen effectively self-luminous as the scat-
tering from spatially separated parts of the specimen are unable to 
interfere coherently. Images formed from such a sample are simpler to 
interpret as they lack the complicating interference features observed 
in coherent images. A light-optical analogue is to consider viewing an 
object with illumination from either a laser or an incandescent light 
bulb. Laser beam illumination would result in strong interference fea-
tures such as fringes and speckle. Illumination with a light bulb gives 
a view much easier to interpret.

Although ADF STEM imaging is very widely used, there are still 
many discrepancies between the theoretical approaches taken, which 
can be very confusing when reviewing the literature. A picture of the 
imaging process that bridges the gap between thinking of the incoher-
ence as arising from integration over a large detector to thinking of it as 
arising from detecting predominantly incoherent TDS has yet to emerge. 
Here we will present both approaches, and attempt to discuss the limi-
tations and advantages of each.

5.1 Incoherent Imaging

To highlight the difference between coherent and incoherent imaging, 
we start by reexamining coherent imaging in a CTEM for a thin sample. 
Consider plane wave illumination of a thin sample with a transmit-
tance function, φ(R0). The wavefunction in the back focal plane is given 
by the Fourier transform of the transmittance function, and we can 
incorporate the effect of the objective aperture and lens aberrations by 
multiplying the back focal plane by the aperture function to give

 Φ(K′)A(K′) (5.1)

which can be inverse Fourier transformed to the image wavefunction, 
which is then a convolution between φ(R0) and the Fourier transform 
of A(K′), which from Section 2 is P(R0). The image intensity is then
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 I(R0) = |φ(R0) � P(R0)|2 (5.2)

Although for simplicity we have derived (5.2) from the CTEM stand-
point, by reciprocity (5.2) applies equally well to BF imaging in STEM 
with a small axial detector.

For the ADF case we follow the argument fi rst presented by Loane 
et al. (1992). Similar analyses have been performed by Jesson and 
Pennycook (1993), Nellist and Pennycook (1998a), and Hartel et al. 
(1996). Following the STEM confi guration, the exit-surface wavefunc-
tion is given by the product of the sample transmittance and the probe 
function,

 φ(R) P(R−R0) (5.3)

We can fi nd the wavefunction in the Ronchigram plane by Fourier 
transforming (5.3), which results in a convolution between the Fourier 
transform of φ and the Fourier transform of P [given in Eq. (2.6)]. 
Taking the intensity in the Ronchigram and integrating over an annular 
detector function gives the image intensity
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Taking the Fourier transform of the image allows simplifi cation after 
expanding the modulus squared to give two convolution integrals
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Performing the R0 integral fi rst results in a Dirac δ-function,
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which allows simplifi cation by performing the K″ integral,
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Equation (5.7) is straightforward to interpret in terms of interference 
between diffracted discs in the Ronchigram (Figure 2–10). The integral 
over K′ is a convolution, so that (5.7) could be written,
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The fi rst bracket of the convolution is the overlap product of two aper-
tures, and this is then convolved with a term that encodes the interfer-
ence between scattered waves separated by the image spatial frequency 
Q. For a crystalline sample, Φ(K) will have values only for discrete K 

values corresponding to the diffracted spots. In this case (5.8) is easily 
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interpretable as the sum over many different disc overlap features that 
are within the detector function. An alternative, but equivalent, inter-
pretation of (5.8) is that for a spatial frequency, Q, to show up in the 
image, two beams incident on the sample separated by Q must be scat-
tered by the sample so that they end up in the same fi nal wavevector 
K where they can interfere (Figure 2–10). This model of STEM imaging 
is applicable to any imaging mode, even when TDS or inelastic scatter-
ing is included. It was immediately concluded that STEM is unable to 
resolve any spacing smaller than that allowed by the diameter of the 
objective aperture, no matter which imaging mode is used.

Figure 2–10 shows that we can expect that the aperture overlap 
region is small compared with the physical size of the ADF detector. 
In terms of Eq. (5.7) we can say the domain of the K′ integral (limited 
to the disc overlap region) is small compared with the domain of the 
K integral, and we can make the approximation,

 

�I A A d D

d

ADF ADFQ K K Q K K K K

K K Q K

( ) = ′( ) ′ +( ) ′ × ( ) − ′( )

− ′ −( )
∫ ∫* *Φ Φ

 (5.9)

In making this approximation we have assumed that the contribution 
of any overlap regions that are partially detected by the ADF detector 
is small compared with the total signal detected. The integral contain-
ing the aperture functions is actually the autocorrelation of the aperture 
function. The Fourier transform of the probe intensity is the autocorre-
lation of A, thus Fourier transforming (5.9) to give the image results in

Figure 2–10. A schematic diagram showing the detection of interference in disc overlap regions by 
the ADF detector. Imaging of a g lattice spacing involves the interference of pairs of beams in the 
convergent beam that are separated by g. The ADF detector then sums over many overlap interference 
regions.
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 I(R0) = |P(R0)| � O(R0) (5.10)

where O(R0) is the inverse Fourier transform of the integral over K in 
(5.9).

Equation (5.10) is essentially the defi nition of incoherent imaging. 
An incoherent image can be written as the convolution between the 
intensity of the point-spread function of the image (which in STEM is 
the intensity of the probe) and an object function. Compare this with 
the equivalent expression for coherent imaging, (5.2), which is the 
intensity of a convolution between the complex probe function and the 
specimen function. We will see later that O(R0) is a function that is 
sharply peaked at the atom sites. The ADF image is therefore a sharply 
peaked object function convolved (or blurred) with a simple, real point-
spread function that is simply the intensity of the STEM probe. Such 
an image is much simpler to interpret than a coherent image, in which 
both phase and amplitude contrast effects can appear. The difference 
between coherent and incoherent imaging was discussed at length by 
Lord Rayleigh in his classic paper discussing the resolution limit of the 
microscope (Rayleigh, 1896).

A simple picture of the origins of the incoherence can be seen sche-
matically by considering the imaging of two atoms (Figure 2–11). The 
scattering from the atoms will give rise to interference features in the 
detector plane. If the detector is small compared with these fringes, 
then the image contrast will depend critically on the position of the 

Figure 2–11. The scattering from a pair of atoms will result in interference features such as the fringes 
shown here. A small detector, such as a BF, will be sensitive to the position of the fringes, and therefore 
sensitive to the relative phase of the scattered waves and phase changes across the illuminating wave. 
A larger detector, such as an ADF, will average over many fringes and will therefore be sensitive only 
to the intensity of the scattering and not the phase of the waves.
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fringes, and therefore on the relative phases of the scattering from the 
two atoms, which means that complex phase effects will be seen. A 
large detector will average over the fringes, destroying any sensitivity 
to coherence effects and the relative phases of the scattering. By reci-
procity, use of the ADF detector can be compared to illuminating the 
sample with large angle incoherent illumination. In optics, the Van 
Cittert–Zernicke theorem (Born and Wolf, 1980) describes how an 
extended source gives rise to a coherent envelope that is the Fourier 
transform of the source intensity function. An equivalent coherence 
envelope exists for ADF imaging, and is the Fourier transform of 
the detector function, D(K). As long as this coherence envelope is 
signifi cantly smaller than the probe function, the image can be written 
in the form of (5.10) as being incoherent. This condition is the real-
space equivalent of the approximation that allowed us to go from (5.7) 
to (5.9).

The strength at which a particular spatial frequency in the object is 
transferred to the image is known, for incoherent imaging, as the 
optical transfer function (OTF). The OTF for incoherent imaging, T(Q), 
is simply the Fourier transform of the probe intensity function. In 
general it is a positive, monatonically decaying function (see Black and 
Linfoot (1957) for examples under various conditions), which compares 
favorably with the phase contrast transfer function for the same lens 
parameters (Figure 2–12).

It can also be seen in Figure 2–12 that the interpretable resolution of 
incoherent imaging extends to almost twice that of phase-contrast 
imaging. This was also noted by Rayleigh (1896) for light optics. The 
explanation can be seen by comparing the disc overlap detection in 
Figure 2–9 and Figure 2–10. For ADF imaging single overlap regions 
can be detected, so the transfer continues to twice the aperture radius. 
The BF detector will detect spatial frequencies only to the aperture 
radius.

An important consequence of (5.10) is that the phase problem has 
disappeared. Because the resolution of the electron microscope has 
always been limited by instrumental factors, primarily the spherical 
aberration of the objective lens, it has been desirable to be able to 
deconvolve the transfer function of the microscope. A prerequisite to 
doing this for coherent imaging is the need to fi nd the phase of the 
image plane. The modulus-squared in (5.2) loses the phase informa-
tion, and this must be restored before any deconvolution can be per-
formed. Finding the phase of the image plane in the electron microscope 
was the motivation behind the invention of holography (Gabor, 1948). 
There is no phase problem for incoherent imaging, and the intensity 
of the probe may be immediately deconvolved. Various methods have 
been applied to this deconvolution problem (Nellist and Pennycook, 
1998a, 2000) including Bayesian methods (McGibbon et al., 1994, 1995). 
As always with deconvolution, care must be taken not to introduce 
artifacts through noise amplifi cation. The ultimate goal of such 
methods, though, must be the full quantitative analysis of an ADF 
image, along with a measure of certainty; for example, the positions of 
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atomic columns in an image along with a measure of confi dence in the 
data. Such a goal is yet to be achieved, and the interpretation of most 
images is still very much qualitative.

0

By assuming that the maximum Q vector is small compared to 
the geometry of the detector, and noting that the detector function is 
either unity or zero, we can write the Fourier transform of the object 
function as

 �O D D dQ K K K Q K Q K( ) = ( ) ( ) −( ) −( )∫ ADF Φ Φ*  (5.11)

function is

 O(R0) = |D̃ (R0) � f (R0)|2 (5.12)

Neglecting the outer radius of the detector, where we can assume the 

of as a sharp high-pass fi lter. The object function is therefore the 
modulus-squared of the high-pass fi ltered specimen transmission 
function. Nellist and Pennycook (2000) have taken this analysis further 
by making the weak-phase object approximation, under which condi-
tion the object function becomes

Figure 2–12. A comparison of the incoherent object transfer function (OTF) and the coherent phase-
contrast transfer function (PCTF) for identical imaging conditions (V = 300 kV, CS = 1 mm, z = 
−40 nm).

ADF

ADF

ADFstrength of the scattering has become negligible, D (K) can be thought 

ADF(K)φ(K), and so the object 

The object function, O(R ), can also be examined in real space. 

This equation is just the autocorrelation of D
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where kinner is the spatial frequency corresponding to the inner radius 
of the ADF detector, and J1 is a fi rst-order Bessel function of the fi rst 
kind. This is essentially the result derived by Jesson and Pennycook 
(1993). The coherence envelope expected from the Van Cittert–Zernicke 
theorem is now seen in (5.13) as the Airy function involving the Bessel 
function. If the potential is slowly varying within this coherence enve-
lope, the value of O(R0) is small. For O(R0) to have signifi cant value, 
the potential must vary quickly within the coherence envelope. A 
coherence envelope that is broad enough to include more than one 
atom in the sample (arising from a small hole in the ADF), however, 
will show unwanted interference effects between the atoms. Making 
the coherence envelope too narrow by increasing the inner radius, 
on the other hand, will lead to too small a variation in the potential 
within the envelope, and therefore no signal. If there is no hole in the 
ADF detector, then D(K) = 1 everywhere, and its Fourier transform will 
be a delta-function. Eq. (5.12) then becomes the modulus-squared of f, 
and there will be no contrast. To get signal in an ADF image, we require 
a hole in the detector leading to a coherence envelope that is narrow 
enough to destroy coherence from neighboring atoms, but broad 
enough to allow enough interference in the scattering from a single 
atom. In practice, there are further factors that can infl uence the choice 
of inner radius, as discussed in later sections. A typical choice for 
incoherent imaging is that the ADF inner radius should be about three 
times the objective aperture radius.

5.2 ADF Images of Thicker Samples

One of the great strengths of atomic resolution ADF images is that they 
appear to faithfully represent the true atomic structure of the sample 
even when the thickness is changing over ranges of tens of nanometers. 
Phase contrast imaging in a CTEM is comparatively very sensitive to 
changes in thickness, and displays the well-known contrast reversals 
(Spence, 1988). An important factor in the simplicity of the images is the 
incoherent nature of ADF images, as we have seen in Section 5.1. The 
thin object approximation made in Section 5.1, however, is not applicable 
to the thickness of samples that are typically used, and we need to 
include the effects of the multiple scattering and propagation of the 
electrons within the sample. There are several such dynamical models of 
electron diffraction (see Cowley, 1992). The two most common are the 
Bloch wave approach and the multislice approach. At the angles of 
scatter typically collected by an ADF detector, the majority of the elec-
trons are likely to be thermal diffuse scattering, having also undergone 
a phonon scattering event. A comprehensive model of ADF imaging 
therefore requires both the multiple scattering and the thermal scatter-
ing to be included. As discussed earlier, some approaches assume that 
the ADF signal is dominated by the TDS, and this is assumed to be inco-
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herent with respect to the scattering between different atoms. The dem-
onstration of transverse incoherence through the detector geometry and 
the Van Cittert–Zernicke theorem is therefore ignored by this approach. 
For lower inner radii, or increased convergence angle (arising from aber-
ration correction, for example) a greater amount of coherent scatter is 
likely to reach the detector, and the destruction of coherence through the 
detector geometry will be important for the coherent scatter. As yet, a 
unifying picture has yet to emerge, and the literature is somewhat con-
fusing. Here we will present the most important approaches currently 
used.

Initially let us neglect the phonon scattering. By assuming a com-
pletely stationary lattice with no absorption, Nellist and Pennycook 
(1999) were able to use Bloch waves to extend the approach taken in 
Section 5.1 to include dynamical scattering. It could be seen that the 
narrow detector coherence function acted to fi lter the states that could 
contribute to the image so that the highly bound 1s-type states domi-
nated. Because these states are highly nondispersive, spreading of the 
probe wavefunction into neighboring column 1s states is unlikely 
(Rafferty et al., 2001), although spreading into less bound states on 
neighboring columns is possible. Although this analysis is useful in 
understanding how an incoherent image can arise under dynamical 
scattering conditions, its neglect of absorption and phonon scattering 
effects means that it is not effective as a quantitative method of simulat-
ing ADF images.

Early analyses of ADF imaging took the approach that at high enough 
scattering angles, the TDS arising from phonons would dominate the 
image contrast. In the Einstein approximation, this scattering is com-
pletely uncorrelated between atoms, and therefore there could be no 
coherent interference effects between the scattering from different 
atoms. In this approach the intensity of the wavefunction at each site 
needs to be computed using a dynamical elastic scattering model and 
then the TDS from each atom summed (Pennycook and Jesson, 1990). 
When the probe is located over an atomic column in the crystal, the 
most bound, least dispersive states (usually 1s- or 2s-like) are predomi-
nantly excited and the electron intensity “channels” down the column. 
When the probe is not located over a column, it excites more dispersive, 
less bound states and spreads leading to reduced intensity at the atom 
sites and a lower ADF signal. Both the Bloch wave (for example, 
Pennycook, 1989; Amali and Rez, 1997; Mitsuishi et al., 2001; Findlay 
et al., 2003b) and multislice (for example, Dinges et al., 1995; Allen 
et al., 2003) methods have been used for simulating the TDS scattering 
to the ADF detector. Typically, a dynamic calculation using the stan-
dard phenomenological approach to absorption is used to compute the 
electron wavefunction in the crystal. The absorption is incorporated 
through an absorptive complex potential that can be included in the 
calculation simultaneously with the real potential. This method makes 
the approximation that the absorption at a given point in the crystal is 
proportional to the product of the absorptive potential and the inten-
sity of the electron wavefunction at that point. Of course, much of the 
absorption is TDS, which is likely to be detected by the ADF detector. 
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It is therefore necessary to estimate the fraction of the scattering that 
is likely to arrive at the detector, and this estimation can cause diffi cul-
ties. Many estimates of the scattering to the detector, however, make 
the approximation that the TDS absorption computed for electron scat-
tering in the kinematic approximation to a given angle will end up 
being at the same angle after phonon scattering. The cross section for 
the signal arriving at the ADF detector can then be approximated 
by integrating this absorption over the detector (Pennycook, 1989; 
Mitsuishi et al., 2001),

 σ π π λADF

ADF

= ( )( ) ( ) − −( )[ ]∫4 2 10
2 2 2m m f s Ms d s/ / exp  (5.14)

where s = θ/2λ and the f(s) is the electron scattering factor for the atom 
in question. Other estimates have also been made, some including TDS 
in a more sophisticated way (Allen et al., 2003b). Caution must be 
exercised, though. Because this approach is two step—fi rst electrons 
are absorbed, then a fraction is reintroduced to compute the ADF 
signal—a wrong estimation in the nature of the scattering can lead to 
more electrons being reintroduced than were absorbed, thus violating 
conservation laws.

Making the approximation that all the electrons incident on the 
detector are TDS neglects any elastic scattering that might be present 
at the detection angles, which might become signifi cant for lower inner 
radii. In most cases, including the elastic component is straightforward 
because it is always computed in order to fi nd the electron intensity 
within the crystal, but this is not always done in the literature.

Note that the approach outlined above for incoherent TDS scatterers 
is a fundamentally different approach to understanding ADF imaging, 
and does not invoke the principles of reciprocity or the Van Zittert–
Zernicke theorem. It does not rely on the large geometry of the detec-
tor, but just on the fact that it detects only at high angles at which the 
TDS dominates.

The use of TDS cross sections as outlined above also neglects 
the further elastic scattering of the electrons after they have been scat-
tered by a phonon. The familiar Kikuchi lines visible in the TDS are 
manifestations of this elastic scattering. Such scattering occurs only 
for electrons traveling near Bragg angles, and the major effect is to 
redistribute the TDS in an angle. It may be reasonably assumed that 
an ADF detector is so large that the TDS is not redistributed off the 
detector, and that the electrons are still detected. In general, therefore, 
the effect of elastic scattering after phonon scattering is usually 
neglected.

A type of multislice formulation that does include phonon scattering 
and postphonon elastic scattering has been developed specifi cally for 
the simulation of ADF images, and is known as the frozen phonon 
method (Kirkland et al., 1987; Loane et al., 1991, 1992). An electron 
accelerated to a typical energy of 100 keV is traveling at about half the 
speed of light. It therefore transits a sample of thickness, say, 10 nm in 
3 × 10−17 s, which is much smaller than the typical period of a lattice 
vibration (~10−13 s). Each electron that transits the sample will see a 
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lattice in which the thermal vibrations are frozen in some confi gura-
tion, with each electron seeing a different confi guration. Multiple mul-
tislice calculations can be performed for different thermal displacements 
of the atoms, and the resultant intensity in the detector plane is summed 
over the different confi gurations. The frozen phonon multislice method 
is therefore not limited to calculations for STEM; it can be used for 
many different electron scattering experiments. In STEM, it will give 
the intensity at any point in the detector plane for a given illuminating 
probe position. The calculations faithfully reproduce the TDS, Kikuchi 
lines, and higher-order Laue zone (HOLZ) refl ections (Loane et al., 
1991). To compute the ADF image, the intensity in the detector plane 
must be summed over the detector geometry, and this calculation 
repeated for all the probe positions in the image. The frozen phonon 
method can be argued to be the most complete method for the 
computation of ADF images and has been used to compute contrast 
changes due to composition and thickness changes (Hillyard et al., 
1993; Hillyard and Silcox, 1993). Its major disadvantage is that it is 
computational expensive. For most multislice simulations of STEM, one 
calculation is performed for each probe position. In a frozen phonon 
calculation, several multislice calculations are required for each probe 
position in order to average effectively over the thermal lattice 
displacements.

Most of the approaches discussed so far have assumed an Einstein 
phonon dispersion in which the vibrations of neighboring atoms are 
assumed to be uncorrelated, and thus the TDS scattering from neigh-
boring atoms incoherent. Jesson and Pennycook (1995) have considered 
the case for a more realistic phonon dispersion, and showed that a 
coherence envelope parallel to the beam direction can be defi ned. The 
intensity of a column can therefore be highly dependent on the destruc-
tion of the longitudinal coherence by the phonon lattice displacements. 
Consider two atoms, A and B, aligned with the beam direction, and let 
us assume that the scattering intensity to the ADF detector goes as the 
square of the atomic number (as for Rutherford scattering from an 
unscreened Coulomb potential). If the longitudinal coherence has been 
completely destroyed, the intensity from each atom will be indepen-
dent and the image intensity will be ZA

2 + ZB
2. Conversely, if there is 

perfect longitudinal coherence the image intensity will be (ZA + ZB)2. 
A partial degree of coherence with a fi nite coherence envelope will 
result in scattering somewhere between these two extremes. However, 
frozen phonon calculations by Muller et al. (2001) suggest that for a 
real phonon dispersion, the ADF image is not signifi cantly changed 
from the Einstein approximation.

Lattice displacements due to strain in a crystal can be regarded as an 
ensemble of static phonons, and therefore strain can have a large effect 
on an ADF image (Perovic et al., 1993), giving rise to so-called strain 
contrast. The degree of strain contrast that shows up in an image is 
dependent on the inner radius of the ADF detector. As the inner radius 
is increased, the effect of strain is reduced and the contrast from com-
positional changes increases. Changing the inner radius of the detector 
and comparing the two images can often be used to distinguish between 
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strain and composition changes. A further similar application is the 
observation of thermal anomalies in quasicrystal lattices (Abe et al., 
2003).

It is often found in the literature that the veracity of a particular 
method is justifi ed by comparing a calculation with an experimental 
image of a perfect crystal lattice. An image of a crystal contains little 
information: it can be expressed by a handful of Fourier components 
and is not a good test of a model. Much more interesting is the inter-
pretation of defects, such as impurity or dopant atoms in a lattice, and 
particularly their contribution to image when they are at different 
depths in the sample. Of particular interest is the effect of probe 
dechanneling. In the Bloch wave formulation, the excitation of the 
various Bloch states is given by matching the wavefunctions at the 
entrance surface of a crystal. When a small probe is located over an 
atomic column, it is likely that the most excited state will be the tightly 
bound 1s-type state. This state has high transverse momentum, and is 
peaked at the atom site leading to strong absorption. Whichever model 
of ADF image formation is used, it may be expected that this will lead 
to high intensity on the ADF detector and that there will be a peak in 
the image at the column site. The 1s states are highly nondispersive, 
which means that the electrons will be trapped in the potential well 
and will propagate mostly along the column. This channeling effect is 
well known from many particle scattering experiments, and is impor-
tant in reducing thickness effects in ADF imaging. The 1s state will not 
be the only state excited, however, and the other states will be more 
dispersive, leading to intensity spreading in the crystal (Fertig and 
Rose, 1981; Rossouw et al., 2003). Spreading of the probe in the crystal 
is similar to what would happen in a vacuum. The relatively high probe 
convergence angle means that the focus depth of fi eld is low, and 
beyond that the probe will spread. Calculations suggest that this 
dechanneling can lead to artifacts in the image whereby the effect of 
a heavy impurity atom substitutional in a column can be seen in the 
intensity of neighboring columns. The degree to which this occurs, 
however, is dependent on the model of ADF imaging used, and the 
literature is still far from agreement on this issue.

5.3 Examples of Structure Determination Using ADF Images

Despite the complications in understanding ADF image formation, it 
is clear that atomic resolution ADF images do provide direct images of 
structures. An atomic resolution image that is correctly focused will 
have peaks in intensity located at the atomic columns in the crystal 
from which the atomic structure can be simply determined. The use 
of ADF imaging for structure determination is now widespread 
(Pennycook, 2002).

The subsidiary maxima of the probe intensity (see Section 2) will 
give rise to a weak artifactual maxima in the image (Figure 2–13) [see 
also Yamazaki et al. (2001)], but these will be small compared with the 
primary peaks, and often below the noise level. The ADF image is 
somewhat “fail-safe” in that incorrect focusing leads to very low con-
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trast, and it is obvious to an operator when the image is correctly 
focused, unlike phase contrast CTEM for which focus changes do not 
reduce the contrast so quickly, and just lead to contrast reversals.

There are now many examples in the literature of structure determi-
nation by atomic resolution ADF STEM. An excellent recent example 
is the three-dimensional structural determination of a NiS2/Si(001) 
interface (Falke et al., 2004) (Figure 2–14). The ability to immediately 
interpret intensity peaks in the image as atomic columns allowed this 
structure to be determined, and to correct an earlier erroneous struc-
ture determination from HRTEM data.

A disadvantage of scanned images such as an ADF image compared 
to a conventional TEM image that can be recorded in one shot is that 
instabilities such as specimen drift manifest themselves as apparent 
lattice distortions. There have been various attempts to correct for this 
by using the known structure of the surrounding matrix to correct for 
the image distortions before analyzing the lattice defect of interest (see, 
for example, Nakanishi et al., 2002).

Figure 2–13. An ADF image of GaAs<110> taken using a VG Microscopes HB603U instrument (300 kV, 
CS = 1 mm). The 1.4-Å spacing between the “dumbbell” pairs of atomic columns is well resolved. An 
intensity profi le shows the polarity of the lattice with the As columns giving greater intensity. The 
weak subsidiary maxima of the probe can be seen between the columns.

Figure 2–14. An ADF image of an NiS2/Si(001) interface with the structure deter-
mined from the image overlaid. [Reprinted with permission from Falke et al. 
(2004). Copyright (2004) by the American Physical Society.] (See color plate.)
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5.4 Examples of Compositionally Sensitive Imaging

The ability of ADF STEM to provide images with high composition 
sensitivity enabled the very fi rst STEM, operating at 30 kV, to image 
individual atoms of Th on a carbon support (Crewe et al., 1970). In such 
a system, the heavy supported atoms are obvious in the image, and 
little is required in the way of image interpretation. A useful applica-
tion of this kind of imaging is in the study of ultradispersed supported 
heterogeneous catalysts (Nellist and Pennycook, 1996). Figure 2–15 
shows individual Pt atoms on the surface of a grain of a powered γ-
alumina support. Dimers and trimers of Pt may be seen, and their 
interatomic distances measured. The simultaneously recorded BF 
image shows fringes from the alumina lattice, from which its orienta-
tion can be determined. By relating the BF and ADF images, informa-
tion on the confi guration of the Pt relative to the alumina support may 
be determined. The exact locations of the Pt atoms were later confi rmed 
from calculations (Sohlberg et al., 2004).

When imaging larger nanoparticles, it is found that the intensity of 
the particles in the image increases dramatically when one of the par-
ticle’s low-order crystallographic axes is aligned with the beam. In such 
a situation, quantitative analysis of the image intensity becomes more 
diffi cult.

A more complex situation occurs for atoms substitutional in a lattice, 
such as dopant atoms. Modern machines have shown themselves to be 
capable of detecting both Bi (Lupini and Pennycook, 2003) and even Sb 
dopants (Voyles et al., 2002) in an Si lattice (Figure 2–16). In Voyles 

Figure 2–15. An ADF image of individual atoms of Pt on a γ-Al2O3 support 
material. The BF image collected simultaneously showed fringes that allowed 
the orientation of the γ-Al2O3 to be determined. Subsequent theory calculations 
(see text) confi rmed the likely locations of the Pt atoms.
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et al. (2004) it was noted that the probe channeling then dechanneling 
effects can change the intensity contribution of the dopant atom depen-
ding on its depth in the crystal. Indeed there is some overlap in the 
range of possible intensities for either one or two dopant atoms in a 
single column. Another similar example is the observation of As seg-
regation at a grain boundary in Si (Chisholm et al., 1998).

Naturally, ADF STEM is powerful when applied to multilayer struc-
tures in which composition sensitivity is desirable. There have been 
several examples of the application to AlGaAs quantum well structures 
(see, for example, Anderson et al., 1997). Simulations have been used 
to enable the image intensity to be interpreted in terms of the fractional 
content of Al, where it has been assumed that the Al is uniformly dis-
tributed throughout the sample.

6. Electron Energy Loss Spectroscopy

So far we have considered the imaging modes of STEM, which pre-
dominantly detect elastic or quasielastic scattering of the incident elec-
trons. An equally important aspect of STEM, however, is that it is an 
extremely powerful analytical instrument. Signals arising from inelas-
tic scattering processes within the sample contain much information 
about the chemistry and electronic structure of the sample. The small, 
bright illuminating probe combined with the use of a thin sample 
means that the interaction volume is small and that analytical informa-
tion can be gained from a spatially highly localized region of the 
sample.

Figure 2–16. An ADF image (left) of Si<110> with visible Sb dopant atoms. On the right, the lattice 
image has been removed by Fourier fi ltering leaving the intensity changes due to the dopant atoms 
visible. (From Voyles et al. (2002), reprinted with permission of Nature Publishing Group.)
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Electron energy-loss spectroscopy (EELS) involves dispersing in 
energy the transmitted electrons through the sample and forming a 
spectrum of the number of electrons inelastically scattered by a given 
energy loss versus the energy loss itself. Typically, inelastic scattering 
events with energy losses up to around 2 keV are intense enough to be 
useful experimentally.

The energy resolution of EELS spectra can be dictated by both the 
aberrations of the spectrometer and the energy spread of the incident 
electron beam. By using a small enough entrance aperture to the spec-
trometer the effect of spectrometer aberrations will be minimized, 
albeit with loss of signal. In such a case, the incident beam spread will 
dominate, and energy resolutions of 0.3 eV with a CFEG source and of 
about 1 eV with a Schottky source are possible. Inelastic scattering 
tends be low angled compared to elastic scattering, with the character-
istic scattering angle for EELS being (for example, Brydson, 2001)

 θE = ∆E
E2 0  (6.1)

For 100-keV incident electrons, θE has a value of 1 mrad for a 200 eV 
energy loss ranging up to 10 mrad for a 2 keV energy loss. The EELS 
spectrometer should therefore have a collection aperture that accepts 
the forward scattered electrons, and should be arranged axially about 
the optic axis. Such a detector arrangement still allows the use of an 
ADF detector simultaneously with an EELS spectrometer (see Figure 
2–1), and this is one of the important strengths of STEM: an ADF image 
of a region of the sample can be taken, and spectra can be taken from 
sites of interest without any change in the detector confi guration of the 
microscope.

There are reviews and books on the EELS technique in both TEM 
and STEM (see Egerton, 1996; Brydson, 2001; Botton, this volume). In 
the context of this chapter on STEM, we will mostly focus on aspects 
of the spatial localization of EELS.

6.1 The EELS Spectrometer

A number of spectrometer designs have emerged over the years, but 
the most commonly found today, especially with STEM instruments, 
is the magnetic sector prism, such as the Gatan Enfi na system. An 
important reason for their popularity is that they are not designed to 
be in-column, but can be added as a peripheral to an existing column. 
Here we will limit our discussion to the magnetic sector prism.

A typical prism consists of a region of homogeneous magnetic fi eld 
perpendicular to the electron beam (see, for example, Egerton, 1996). In 
the fi eld region, the electron trajectories follow arcs of circles (Figure 
2–1) whose radii depend on the energy of the electrons. Slower electrons 
are defl ected into smaller radii circles. The electrons are therefore dis-
persed in energy. An additional property of the prism is that it has a 
focusing action, and will therefore focus the beam to form a line spec-
trum in the so-called dispersion plane. In this plane, the electrons are 
typically dispersed by around 2 µm/eV. Some spectrometers are fi tted 
with a mechanical slit at this plane that can be used to select part of the 
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spectrum. A scintillator–photomultiplier combination allows detection 
of the intensity of the selected part of the spectrum. Using this arrange-
ment, a spectrum can be recorded by varying the strength of the mag-
netic fi eld, thus sweeping the spectrum over the slit and recording the 
spectrum serially. Alternatively, the magnetic fi eld can be held con-
stant, selecting just a single energy window, and the probe scanned to 
form an energy-fi ltered image.

If there is no slit, or the slit is maximally widened, the spectrum may 
be recorded in parallel, a technique known as parallel EELS (PEELS). 
The dispersion plane then needs to be magnifi ed in order that the 
detector channels allow suitable sampling of the spectrum. This is 
normally achieved by a series of quadrupoles (normally four) that 
allows both the dispersion and the width of the spectrum to be con-
trolled at the detector. Detection is usually performed either by a paral-
lel photodiode array, or more commonly now using a scintillator–CCD 
combination.

Like all electron-optical elements, magnetic prisms suffer from aber-
rations, and these aberrations can limit the energy resolution of the 
spectrometer. In general, a prism is designed such that the second-
order aberrations are corrected for a given object distance before the 
prism. Prisms are often labeled with their nominal object distances, 
which is typically around 70 cm. Small adjustments can be made using 
sextupoles near the prism and by adjusting the mechanical tilt of the 
prism. It is important, though, that care is taken to arrange that the 
sample plane is optically coupled to the prism at the correct working 
distance to ensure correction of the second-order spectrometer aberra-
tions. More recently, spectrometers with higher order correction (Brink 
et al., 2003) have been developed. Alternatively, it has been shown to 
be possible to correct spectrometer aberrations with a specially 
designed coupling module that can be fi tted immediately prior to the 
spectrometer (see Section 8.1).

Aberrations worsen the ability of the prism to focus the spectrum as 
the width of the beam entering the prism increases. Collector apertures 
are therefore used at the entrance of the prism to limit the beam width, 
but they also limit the number of electrons entering the prism and 
therefore the effi ciency of the spectrum detection. The trade-off 
between signal strength and energy resolution can be adjusted to the 
particular experiment being performed by changing the collector aper-
ture size. Aperture sizes in the range of 0.5–5 mm are typically 
provided.

6.2 Inelastic Scattering of Electrons

The different types of inelastic scattering event that can lead to an EELS 
signal have been discussed many times in the literature (for example, 
Egerton, 1996; Brydson, 2001; Botton, this volume), so we will restrict 
ourselves to a brief description here. A schematic diagram of a typical 
EEL spectrum is shown in Figure 2–17.

The samples typically used for high-resolution STEM are usually 
thinner than the mean free path for inelastic scattering (around 100 nm 
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at 100 keV), so the dominant feature in the spectrum is the zero-loss 
(ZL) peak. When using a spectrometer for high energy resolution, 
the width of the ZL is usually limited by the energy width of the 
incident beam. Because STEM instruments require a fi eld-emission 
gun, this spread is usually small. In a Schottky gun this spread is 
around 0.8 eV, whereas a CFEG can achieve 0.3 eV or better. The lowest 
energy losses in the sample will arise from the creation and destruction 
of phonons, which have energies in the range of 10–100 meV. This range 
is smaller than the width of the ZL, so such losses will not be 
resolvable.

The low-loss region extends from 0 to 50 eV and corresponds to excita-
tions of electrons in the outermost atomic orbitals. These orbitals can 
often extend over several atomic sites, and so are delocalized. Both 
collective and single electron excitations are possible. Collective excita-
tions result in the formation of a plasmon or resonant oscillation of the 
electron gas. Plasmon excitations have the largest cross section of all 
the inelastic excitations, so the plasmon peak dominates an EEL spec-
trum, and can complicate the interpretation of other inelastic signals 
due to multiple scattering effects. Single electron excitations from states 
in the valence band to empty states in the conduction band can also 
give rise to low-loss features allowing measurements similar to those 
in optical spectroscopy, such as band-gap measurements. Further 
information, for example, distinguishing a direct gap from an indirect 
gap is available (Rafferty and Brown, 1998). Detailed interpretation of 
low-loss features involves careful removal of the ZL, however. More 
commonly, the low-loss region is used as a measure of specimen thick-
ness by comparing the inelastically scattered intensity with the inten-
sity in the ZL. The frequency of inelastic scattering events follows a 
Poisson distribution, and it can be shown that the sample thickness can 
be estimated from

Figure 2–17. A schematic EEL spectrum.
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 t = Λ ln(IT/IZL) (6.2)

where IT and IZL are the intensities in the spectrum and zero loss, 
respectively, and Λ is the inelastic mean-free path, which has been 
tabulated for some common materials (Egerton, 1996).

From 50 eV up to several thousand eV of energy loss, the inelastic 
excitations involve electrons in the localized core orbitals on atom sites. 
Superimposed on a monatonically decreasing background in this high-
loss region are a series of steps or core-loss edges arising from excita-
tions from the core orbitals to just above the Fermi level of the material. 
The energy loss at which the edge occurs is given by the binding 
energy of the core orbital, which is characteristic of the atomic species. 
Measurement of the edge energies therefore allows chemical identifi ca-
tion of the material under study. The intensity under the edge is pro-
portional to the number of atoms present of that particular species, so 
that quantitative chemical analysis can be performed. In a solid sample 
the bonding in the sample can lead to a signifi cant modifi cation to the 
density of unoccupied states near the Fermi level, which manifests 
itself as a fi ne structure (energy loss near-edge structure, ELNES) in 
the EEL spectrum in the fi rst 30–40 eV beyond the edge threshold. 
Although the interpretation of the ELNES can be somewhat compli-
cated, it does contain a wealth of information about the local bonding 
and structure associated with a particular atomic species. For example, 
Batson (2000) has used STEM EELS to observe gap states in Si L-edges 
that are associated with defects observed by ADF. Beyond the near 
edge region can be seen weaker, extended oscillations (extended energy 
loss far-edge structure, EXELFS) superimposed on the decaying back-
ground. Being further from the edge onset, these excitations corre-
spond to the ejection of a higher kinetic energy electron from the core 
shell. This higher energy electron generally suffers single scattering 
from neighboring atoms leading to the observed oscillations and 
thereby information on the local structural confi guration of the atoms 
such as nearest-neighbor distances.

Clearly EELS has much in common with X-ray absorption studies, 
with the advantage for EELS being that spectra can be recorded from 
highly spatially localized regions of the sample. The X-ray counterpart 
of ELNES is XANES (X-ray absorption near-edge structure), and 
EXELFS corresponds to EXAFS (extended X-ray absorption fi ne struc-
ture). There are many examples in the literature (for a recent example 
see Ziegler et al., 2004) in which STEM has been used to record spectra 
at a defect and the core-loss fi ne structure used to understand the 
bonding at the defect.

6.3 The Spatial Localization of EELS Signals and 
Inelastic Imaging

The strength of EELS in a STEM is that the spectra can be recorded 
with a high spatial resolution, so the question of the spatial resolution 
of an EELS signal is an important one. The literature contains several 
papers demonstrating atomic resolution EELS (Batson, 1993; Browning 
et al., 1993) and even showing sensitivity to a single impurity atom 
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(Varela et al., 2004). The lower the energy loss, however, the more the 
EELS excitation will be delocalized, and an important question is for 
what excitations is atomic resolution possible.

In addition to the inherent size of the excitation, we must also con-
sider the beam spreading as the probe propagates through the sample. 
A simple approximation for the beam spreading is given by (Reed, 
1982),

 b = 0.198(ρ/A)1/2 (Z/E0)t3/2 (6.3)

where b is in nanometers, ρ is the density (g cm−3), A is the atomic 
weight, Z is the atomic number, E0 is the incident beam energy in keV, 
and t is the thickness. At the highest spatial resolutions, especially for 
a zone-axis oriented sample, a detailed analysis of diffraction and 
channeling effects (Allen et al., 2003a) is required to model the propa-
gation of the probe through the sample. The calculations are similar to 
those outlined in Section 5.

Having computed the wavefunction of the illuminating beam within 
the sample, we now need to consider the spatial extent of the inelastic 
excitation. This subject has been covered extensively in the literature. 
Initial studies fi rst considered an isolated atom using a semiclassical 
model (Ritchie and Howie, 1988). A more detailed study requires a 
wave optical approach. For a given energy-loss excitation, there will be 
multiple fi nal states for the excited core electron. The excitations to 
these various states will be mutually incoherent, leading to a degree of 
incoherence in the overall inelastic scattering, unlike elastic scattering, 
which can be regarded as coherent. Inelastic scattering can therefore 
not be described by a simple multiplicative scattering function, rather 
we must use a mixed dynamic form factor (MDFF), as described by 
Kohl and Rose (1985). The formulation used for ADF imaging in Section 
5.1 can be adapted for inelastic imaging. Combining the notation of 
Kohl and Rose (1985) with (5.7) allows us to replace the product of 
transmission functions with the MDFF,
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where some prefactors have been neglected for clarity and D now 
refers to the spectrometer entrance aperture. The inelastic scattering 
vector, k, can be written as the sum of the transverse scattering vector 
coupling the incoming wave to the outgoing wave, and the change in 
wavevector due to the energy loss,
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where ez is a unit vector parallel to the beam central axis.
Equations (6.4) and (6.5) show that for a given spatial frequency Q 

in the image, the inelastic image can be thought of arising from 
the sum over pairs of incoming plane waves in the convergent 
beam separated by Q. Each pair is combined through the MDFF 
into a fi nal wavevector that is collected by the detector. This is analo-
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gous to the model for ADF imaging (see Figure 2–10), except that the 
product of elastic scattering functions has been replaced with the more 
general MDFF allowing intrinsic incoherence of the scattering 
process.

In Section 5.1 we found that under certain conditions, (5.7) could be 
split into the product of two integrals. This allowed the image to be 
written as the convolution of the probe intensity and an object function, 
a type of imaging known as incoherent imaging. Let us examine whether 
(6.4) can be similarly separated. In a similar fashion to the ADF inco-
herent imaging derivation, if the spectrometer entrance aperture is 
much larger than the probe convergence angle, then the domain of the 
integral over K is much larger than that over K′, and the latter can be 
performed fi rst. The integral can be then separated thus,
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where the K′ term in k is now neglected. Since this is a product in 
reciprocal space, it can be written as a convolution in real space,

 Iinel(R0) ∝ |P(R0)| � O(R0) (6.7)

where the object function O(R) is the Fourier transform of the integral 
over K in (6.5). For spectrometer geometries, Dspect(K), that collect only 
high angles of scatter, it has been shown that this can lead to narrower 
objects for inelastic imaging (Muller and Silcox, 1995; Rafferty and 
Pennycook, 1999). Such an effect has not been demonstrated because 
at such a high angle the scattering is likely to be dominated by combi-
nation elastic–inelastic scattering events, and any apparent localization 
is likely to be due to the elastic contrast.

For inelastic imaging, however, there is another condition for which 
the integrals can be separated. If the MDFF, S, is slowly varying in k, 
then the integral in K′ over the disc overlaps will have a negligible 
effect on S, and the integrals can be separated. Physically, this is equiv-
alent to asserting that the inelastic scattering real-space extent is much 
smaller than the probe, and therefore the phase variation over the 
probe sampled by the inelastic scattering event is negligible and the 
image can be written as a convolution with the probe intensity.

We have described the transition from coherent to incoherent imaging 
for inelastic scattering events in STEM. Note that these terms simply refer 
to whether the probe can be separated in the manner described above, 
and does not refer to the scattering process itself. Incoherent imaging 
can arise with coherent elastic scattering, as described in Section 5.1. The 
inelastic scattering process is not coherent, hence the need for the MDFF. 
However, certain conditions still need to be satisfi ed for the imaging 
process to be described as incoherent, as described above. An interesting 
effect occurs for small collector apertures. Because dipole excitations 
will dominate (Egerton, 1996), a probe located exactly over an atom will 
not be able to excite transverse excitations because it will not apply a 
transverse dipole. A slight displacement of the probe is required for such 
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an excitation. Consequently a dip in the inelastic image is shown to be 
possible, leading to a donut type of image, demonstrated by Kohl and 
Rose (1985) and more recently by Cosgriff et al. (2005). This can be 
thought of as arising from an antisymmetric inelastic object function for 
a transverse dipole interaction. With a larger collector aperture, the 
transition to incoherent imaging renders the object function symmetric, 
removing the dip on the axis.

The width of an inelastic excitation as observed by STEM is therefore 
a complicated function of the probe, the energy, and the initial wave-
function of the core electron and the spectrometer collector aperture 
geometry. Various calculations have been published exploring this 
parameter-space. See, for example, Rafferty and Pennycook (1999) and 
Cosgriff et al. (2005) for some recent examples.

6.4 Spectrum Imaging in the STEM

Historically, the majority of EELS studies in the STEM have been per-
formed in spot mode, in which the probe is stopped over the region of 
interest in the sample and a spectrum is collected. Of course, the STEM 
is a scanning instrument, and it is possible to collect a spectrum from 
every pixel of a scanned image, to form a spectrum image. The image 
may be a one-dimensional line scan, or a two-dimensional image. In 
the latter case, the data set will be a three-dimensional data cube: two 
of the dimensions being real-space imaging dimensions and one being 
the energy loss in the spectra (Figure 2–18).

The spectrum-image data cube naturally contains a wealth of infor-
mation. Individual spectra can be viewed from any real-space location, 
or energy-fi ltered images formed by extracting slices at a given energy 
loss (Figure 2–18). Selecting energy losses corresponding to the char-
acteristic core edges of the atomic species present in the sample allows 

Figure 2–18. A schematic diagram showing how collecting a spectrum at 
every probe position leads to a data cube from which can be extracted indi-
vidual spectra or images fi ltered for a specifi c energy.
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elemental mapping, which, given the inelastic cross sections of the 
core-loss events, can be calibrated in terms of composition. Using this 
approach, individual atoms of Gd have been observed inside a carbon 
nanotube structure (Suenaga et al., 2000) (Figure 2–19). A more sophis-
ticated approach is to use multivariate statistical (MSI) methods (Bonnet 
et al., 1999) to analyze the compositional maps. With this approach, the 
existence of phases of certain stoichiometry can be identifi ed, and 
maps of the phase locations within the sample can be created. Even the 
fi ne structure of core-loss edges can be used to form maps in which 
only the bonding, not the composition, within the sample has changed. 
An example of this is the mapping of the sp2 and sp3 bonding states of 
carbon at the interface of chemical vapor deposition diamond grown 
on a silicon substrate (Muller et al., 1993) (Figure 2–20). The sp2 signal 
shows the presence of an amorphous carbon layer at the interface.

A similar three-dimensional data cube may also be recorded by 
conventional TEM fi tted with an imaging fi lter. In this case, the image 
is recorded in parallel while varying the energy loss being fi ltered for. 
Both methods have advantages and disadvantages, and the choice can 
depend on the desired sampling in either the energy or image dimen-
sions. The STEM does have one important advantage, however. In a 
CTEM, all of the imaging optics occur after the sample, and these 
optics suffer signifi cant chromatic aberration. Adjusting the system to 
change the energy loss being recorded can be done by changing the 
energy of the incident electrons, thus keeping the energy of the desired 
inelastically scattered electrons constant within the imaging system. 
However, to obtain a useful signal-to-noise ratio in energy-fi ltered 
transmission electron microscopy (EFTEM), it is necessary to use a 
selecting energy window that is several electronvolts in width, and 
even this energy spread in the imaging system is enough to worsen 

Figure 2–19. A spectrum image fi ltered for Gd (A) and C (B). Individual atoms of Gd inside a carbon 
nanotube can be observed. [Reprinted from Suenaga et al. (2000), with copyright permission from 
AAAS.]
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Figure 2–20. By fi ltering for spe-
cifi c peaks in the fi ne structure of 
the carbon K-edge, maps of π and 
σ bonded carbon can be formed. 
The presence of an amorphous sp2 
bonded carbon layer at the inter-
face of a chemical vapor deposi-
tion (CVD)-grown diamond on an 
Si substrate can be seen. The 
diamond signal is derived by a 
weighted subtraction of the π 
bonding image from the σ bonding 
image. [Reprinted from Muller 
et al. (1993), with permission of 
Nature Publishing Group.]

the spatial resolution signifi cantly. In STEM, all of the image-forming 
optics are before the specimen, and the spatial resolution is not 
compromised.

Inelastic scattering processes, especially single electron excitations, 
have a scattering cross section that can be an order of magnitude 
smaller than for elastic scattering. To obtain suffi cient signal, EELS 
acquisition times may be of the order of 1 s. Collection of a spectrum 
image with a large number of pixels can therefore be very slow, with 
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the associated problems of both sample drift, and drift of the energy 
zero point due to power supplies warming up. In practice, spectrum 
image acquisition software often compensates for these drifts. Sample 
drift can be monitored using cross-correlations on a sharp feature in 
the image. Monitoring the position of the zero-loss peak allows the 
energy drift to be corrected. The advent of aberration correction will 
have a major impact in this regard. Perhaps one of the most important 
consequences of aberration correction is that it will increase the current 
in a given sized probe by more than an order of magnitude (see Section 
10.3). Fast elemental mapping through spectrum imaging will then 
become a much more routine application of EELS. However, to achieve 
this improvement in performance, there will have to be corresponding 
improvements in the associated hardware. In general, commercially 
available systems can achieve around 200 spectra per second. Some 
laboratories with custom instrumentation have reported reaching 1000 
spectra per second (Tencé, personal communication). Further improve-
ment will be necessary to fully make use of spectrum imaging in an 
aberration corrected STEM.

7. X-Ray Analysis and Other Detected Signals in 
the STEM

It is obvious that the STEM bears many resemblances to the SEM: a 
focused probe is formed at a specimen and scanned in a raster while 
signals are detected as a function of probe position. So far we have 
discussed BF imaging, ADF imaging, and EELS. All of these methods 
are unique to the STEM because they involve detection of the fast 
transmitted electron through a thin sample; bulk samples are typically 
used in an SEM. There are of course, a multitude of other signals that 
can be detected in STEM, and many of these are also found in SEM 
machines.

7.1 Energy Dispersive X-Ray Analysis

When a core electron in the sample is excited by the fast electron tra-
versing the sample, the excited system will subsequently decay with 
the core hole being refi lled. This decay will release energy in the form 
of an X-ray photon or an Auger electron. The energy of the particle 
released will be characteristic of the core electron energy levels in the 
system, and allows compositional analysis to be performed.

The analysis of the emitted X-ray photons is known as energy-
dispersive X-ray (EDX) analysis, or sometimes energy-dispersive spec-
troscopy (EDS) or X-ray EDS (XEDS). It is a ubiquitous technique for 
SEM instruments and electron-probe microanalyzers. The technique 
of EDX microanalysis in CTEM and STEM has been extensively covered 
(Williams and Carter, 1996), and we will review here only the specifi c 
features of EDX in a STEM.

The key difference between performing EDX analysis in the STEM as 
opposed to the SEM is the improvement in spatial resolution (see Figure 
2–21). The increased accelerating voltage and the thinner sample used 
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in STEM lead to an interaction volume that is some 108 times smaller 
than for an SEM. Beam broadening effects will still be signifi cant for 
EDX in STEM, and Eq. (6.2) provides a useful approximation in this 
case. For a given fraction of the element of interest, however, the total 
X-ray signal will be correspondingly smaller. For a discussion of detec-
tion limits for EDX in STEM see Watanabe and Williams (1999). A 
further limitation for high-resolution STEM instruments is the geome-
try of the objective lens pole pieces between which the sample is placed. 
For high resolution the pole piece gap must be small, and this limits 
both the solid angle subtended by the EDX detector and the maximum 
take-off angle. This imposes a further reduction on the X-ray signal 
strength. A high probe current of around 1 nA is typically required for 
EDX analysis, and this means that the probe size must be increased to 
greater than 1 nm (see Section 10), thus losing atomic resolution sensi-
tivity. A further concern is the mounting of a large liquid nitrogen 
dewar on the column for the necessary cooling of the detector. It is often 
suspected that the boiling of the liquid nitrogen and the unbalancing of 
the column can lead to mechanical instabilities. A positive benefi t of 
EDX in STEM, however, is that windowless EDX detectors may com-
monly be used. The vacuum around the sample in STEM is typically 
higher than for other electron microscopes to reduce sample contami-
nation during imaging and to reduce the gas load on the ultrahigh 
vacuum of the gun. A consequence is that contamination or icing of a 
windowless detector is less common.

For the reasons described above, EDX analysis capabilities are some-
times omitted from ultrahigh resolution dedicated STEM instruments, 
but are common on combination CTEM/STEM instruments. A notable 
exception has been the development of a 300-kV STEM instrument with 
the ultimate aim of single-atom EDX detection (Lyman et al., 1994).

SEM STEM 

100 nm 1 nm 

excitation volume 
~ 1 mm3

excitation volume 
~ 10 nm3

10 nm 

Figure 2–21. A schematic diagram comparing the beam interaction volumes 
for an SEM and a STEM. The higher accelerating voltage and thinner samples 
in STEM lead to much higher spatial resolution for analysis, with an associated 
loss in signal.
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It is worth making a comparison between EDX and EELS for STEM 
analysis. The collection effi ciency of EELS can reach 50%, compared to 
around 1% for EDX, because the X-rays are emitted isotropically. EELS 
is also more sensitive for light element analysis (Z < 11), and for many 
transition metals and rare-earth elements that show strong spectral 
features in EELS. The energy resolution in EELS is typically better than 
1 eV, compared to 100–150 eV for EDX. The spectral range of EDX, 
however, is higher with excitations up to 20 keV detectable, compared 
with around 2 keV for EELS. Detection of a much wider range of ele-
ments is therefore possible.

7.2 Secondary Electrons, Auger Electrons, 
and Cathodoluminescence

Other methods commonly found on an SEM have also been seen on 
STEM instruments. The usual imaging detector in an SEM is the sec-
ondary electron (SE) detector, and these are also found on some STEM 
instruments. The fast electron incident upon the sample can excite 
electrons so that they are ejected from the sample. These relatively slow 
moving electrons can escape only if they are generated relatively close 
to the surface of the material, and can therefore generate topographical 
maps of the sample. Once again, because the interaction volume is 
smaller, the use of SE in STEM can generate high-resolution topo-
graphical images of the sample surface. An intriguing experiment 
involving secondary electrons has been the observation of coincidence 
between secondary electron emission and primary beam energy-loss 
events (Mullejans et al., 1993).

Auger electrons are ejected as an alternative to X-ray photon emission 
in the decay of a core-electron excitation, and spectra can be formed and 
analyzed just as for X-ray photons. The main difference, however, is that 
whereas X-ray photons can escape relatively easily from a sample, 
Auger electrons can escape only when they are created close to the 
sample surface. It is therefore a surface technique, and is sensitive to the 
state of the sample surface. Ultrahigh vacuum conditions are therefore 
required, and Auger in STEM is not commonly found.

Electron-hole pairs generated in the sample by the fast electron can 
decay by way of photon emission. For many semiconducting samples, 
these photons will be in or near the visible spectrum and will appear 
as light, known as cathodoluminescence. Although rarely used in 
STEM, there has been the occasional investigation (see, for example, 
Pennycook et al., 1980).

8. Electron Optics and Column Design

Having explored some of the theory and applications of the various 
imaging and analytical modes in STEM, it is a good time to return to 
the details of the instrument itself. The dedicated STEM instrument 
provides a nice model to show the degrees of freedom in the STEM 
optics, and then we go on to look at the added complexity of a hybrid 
CTEM/STEM instrument.
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8.1 The Dedicated STEM Instrument

We will start by looking at the presample or probe-forming optics of a 
dedicated STEM, though it should be emphasized that most of the 
comments in this section also apply to TEM/STEM instruments. In 
addition to the objective lens, there are usually two condenser lenses 
(Figure 2–1). The condenser lenses can be used to provide additional 
demagnifi cation of the source, and thereby control the trade-off 
between probe size and probe current (see Section 10.1). In principle, 
only one condenser lens is required because movement of the crossover 
between the condenser and objective lens (OL) either further or nearer 
to the OL can be compensated by relatively small adjustments to the 
OL excitation to maintain the sample focus. The inclusion of two con-
denser lenses allows the demagnifi cation to be adjusted while main-
taining a crossover at the plane of the selected area diffraction aperture. 
The OL is then set such that the selected area diffraction (SAD) aper-
ture plane is optically conjugate to that of the sample.

In a conventional TEM instrument, the SAD aperture is placed after 
the OL, and the OL is set to make it optically conjugate to the sample 
plane. The SAD aperture then selects a region of the sample, and the 
post-OL lenses are used to focus and magnify the diffraction pattern 
in the back-focal plane of the OL to the viewing screen. By reciprocity, 
an equivalent SAD mode can be established in a dedicated STEM 
(Figure 2–22). With the condenser lenses set to place a crossover at the 

condenser lens 

scan coils

selected area 
diffraction aperture 

objective 
aperture 

objective lens 

sample 

imaging mode diffraction mode 

Figure 2–22. The change from imaging to diffraction mode is shown in this schematic of part of a 
STEM column. By refocusing the condenser lens on the objective lens FFP rather than the SAD aperture 
plane, the objective lens generates a parallel beam at the sample rather than a focused probe. The SAD 
aperture is now the beam-limiting aperture, and defi nes the illumination region on the sample.
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SAD, an image can be formed with the SAD selecting a region of inter-
est in the sample. The condenser lenses are then adjusted to place a 
crossover at the front focal plane of the OL, and the scan coils are set 
to scan the crossover over the front focal plane. The OL then generates 
a parallel pencil beam that is rocked in angle at the sample plane. In 
the detector plane is therefore seen a conventional diffraction pattern 
that is swept across the detector by the scan. By using a small BF detec-
tor, a scanned diffraction pattern will be formed. If a Ronchigram 
camera is available in the detector plane, then the diffraction pattern 
can be viewed directly and scanning is unnecessary. In practice, SAD 
mode in a STEM is more commonly used for measuring the angular 
range of BF and ADF detectors rather than diffraction studies of 
samples. It is also often used for tilting a crystalline sample to a zone 
axis if a Ronchigram camera is not available.

To avoid having to mutually align the two condenser lenses, many 
users employ only one condenser at a time. Both are set to focus a 
crossover at the SAD aperture plane, but the different distance between 
the lenses and the SAD plane means that the overall demagnifi cation 
of the source will differ. Often the two discrete probe current settings 
then available are suitable for the majority of experiments. Alterna-
tively, many users, especially those with a Ronchigram camera, need 
an SAD mode very infrequently. In this case, there is no requirement 
for a crossover in the SAD plane, and one condenser lens can be 
adjusted freely.

In more modern STEM instruments, a further gun lens is provided 
in the gun acceleration area. The purpose of this lens is to focus a 
crossover in the vicinity of the differential pumping aperture that is 
necessary between the ultrahigh vacuum gun region and the rest of 
the column. The result is that a higher total current is available for very 
high current modes. For lower current, higher resolution modes, a gun 
lens is not found to be necessary.

Let us now turn our attention to the objective lens and the postspeci-
men optics. The main purpose of the OL is to focus the beam to form 
a small spot. Just like a conventional TEM, the OL of a STEM is designed 
to minimize the spherical and chromatic aberration, while leaving a 
large enough gap for sample rotation and providing a suffi cient solid 
angle for X-ray detection.

An important parameter in STEM is the postsample compression. 
The fi eld of the objective lens that acts on the electrons after they exit 
the sample also has a focusing effect on the electrons. The result is that 
the scattering angles are compressed and the virtual crossover position 
moves down. Most of the VG dedicated STEM instruments have top-
entry OLs, which are consequently asymmetric in shape. The bore on 
the probe forming (lower) side of the OL is smaller then on the upper 
side, and therefore the fi eld is more concentrated on the lower side. The 
typical postsample compression for these asymmetric lenses, typically 
a factor of around 3, is comparatively low. The entrance to the EELS 
spectrometer will often be up to 60 cm or more after the sample, to allow 
room for defl ection coils and other detectors. A 2-mm-diameter EELS 
entrance aperture then subtends a geometric entrance semiangle of 
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1.7 mrad. Including the factor of 3 compression from the OL gives a 
typical collection semiangle of 5 mrad. The probe convergence angle of 
an uncorrected STEM will be around 9 mrad, so the total collection effi -
ciency of the EELS system will be poor, being below 25% after account-
ing for further angular scattering from the inelastic scattering process. 
After the correction of spherical aberration, the probe convergence 
semiangle will rise to 20 mrad or more, and the coupling of this beam 
into the EELS system will become even more ineffi cient.

A postspecimen lens would in principle allow improved coupling 
into the EELS by providing further compression after the beam has left 
the objective lens. However, there needs to be enough space for defl ec-
tion coils and lens windings between the lenses, so it is hard to position 
a postspecimen lens closer than about 100 mm after the OL. By the time 
the beam has propagated to this lens, it will be of the order of 1 mm in 
diameter. This is a large diameter beam to be handled by an electron 
lens, in the lower column typical widths are 50 µm or less, and large 
aberrations will be introduced that will obviate the benefi t of the extra 
compression. In many dedicated STEMs, therefore, postspecimen 
lenses are rarely used. A more common work around solution is to 
mount the sample as low in the OL as possible and to excite the OL as 
hard as possible to provide the maximum compression possible, though 
it is diffi cult to do this and to maintain the tilt capabilities.

A novel solution demonstrated by the Nion Co. is to use a four-
quadrupole four-octupole system to couple the postspecimen beam 
to the spectrometer and provide increased compression. The four-
quadrupole system has enough degrees of freedom to provide com-
pression while also ensuring that the virtual crossover as seen by the 
spectrometer is at the correct object distance. As with any postspeci-
men lens system in a top entry STEM, the beam is so wide at the lens 
system that large third-order aberrations are introduced. The presence 
of the octupoles allows for correction of these aberrations and addition-
ally the third-order aberrations of the spectrometer, which in turn 
allows a larger physical spectrometer entrance aperture to be used. 
Collection semiangles up to 20 mrad have been demonstrated with this 
system (Nellist et al., 2003).

8.2 CTEM/STEM Instruments

At the time of writing, dedicated STEM columns are available from 
JEOL and Hitachi. Nion Co. has a prototype aberration-corrected dedi-
cated STEM column under test, and this will soon be added to the array 
of available machines. However, many researchers prefer to use a 
hybrid CTEM/STEM instrument, which is supplied from all the main 
manufacturers. As their name suggests, CTEM/STEM instruments 
offer the capabilities of both modes in the same column.

A CTEM/STEM is essentially a CTEM column with very little 
modifi cation apart from the addition of STEM detectors. When fi eld-
emission guns (FEGs) were introduced onto CTEM columns, it was 
found that the beam could be focused onto the sample with spot sizes 
down to 0.2 nm or better (for example, James and Browning, 1999). The 
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addition of a suitable scanning system and detectors thus created a 
STEM. The key is that modern CTEM instruments with a side-entry 
stage tend to make use of the condenser-objective lens (Figure 2–23). In 
the condenser-objective lens, the fi eld is symmetric about the sample 
plane, and therefore the lens is just as strong in focusing the beam to a 
probe presample as it is in focusing the postsample scattered electrons 
as it would do in conventional TEM mode. The condenser lenses and 
gun lens play the same roles as those in the dedicated STEM. The main 
difference in terminology is that what would be referred to as the objec-
tive aperture in a CTEM/STEM is referred to as the condenser aperture in 
a TEM/STEM. The reason for this is that the aperture in question is 
usually in or near the condenser lens closest to the OL, and this is the 
condenser aperture when the column is used in CTEM mode.

An important feature of the CTEM/STEM when operating in the 
STEM mode is that there are a comparatively large number of post-
specimen lenses available. The condenser-objective lens ensures that 
the beam is narrow when entering these lenses, and so coupling with 
high compression to an EELS spectrometer does not incur the large 
aberrations discussed earlier. Further pitfalls associated with high 
compression should be borne in mind, however. The chromatic aber-
ration of the coupling to the EELS will increase as the compression is 
increased, leading to edges being out of focus at different energies. 
Also, the scan of the probe will be magnifi ed in the dispersion plane 
of the prism, so careful descan needs to be done postsample. A fi nal 
feature of the extensive postsample optics is that a high magnifi cation 
image of the probe can be formed in the image plane. This is not as 
useful for diagnosing aberrations in the probe as one might expect 
because the aberrations might well be arising from aberrations in the 
TEM imaging system. Nonetheless, potential applications for such a 
confocal arrangement have been discussed (see, for example, Möbus 
and Nufer, 2003).

pole piece 
sample 

electron beam 

Figure 2–23. A condenser-objective lens provides symmetrical focusing on 
either side of the central plane. It can therefore be used to provide postsample 
imaging, as in a CTEM, or to focus a probe at the sample, as in a STEM, or 
even to provide both simultaneously if direct imaging of the STEM probe is 
required.
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9. Electron Sources

9.1 The Need for Suffi cient Brightness

Naively one might expect that the size of the electron source is not 
critical to the operation of a STEM because we have condenser lenses 
available in the column to increase the demagnifi cation of the source 
at will, and thereby still be able to form an image of the source that is 
below the diffraction limit. We will see, however, that increasing the 
demagnifi cation decreases the current available in the probe, and the 
performance of a STEM relies on focusing a signifi cant current into a 
small spot. In fact, the crucial parameter of interest is that of brightness 
(see, for example, Born and Wolf, 1980). The brightness is defi ned at 
the source as

 B I
A= Ω  (9.1)

where I is the total current emitted, A is the area of the source over 
which the electrons are emitted, and Ω is the solid angle into which 
the electrons are emitted. Brightness is a useful quantity because at 
any plane conjugate to the image source (which means any plane where 
there is a beam crossover), brightness is conserved. This statement 
holds as long as we consider only geometric optics, which means that 
we neglect the effects of diffraction. Figure 2–24 shows schematically 
how the conservation of brightness operates. As the demagnifi cation 
of an electron source is increased, reducing the area A of the image, 
the solid angle Ω increases in proportion. Introduction of a beam-
limiting aperture forces Ω to be constant, and therefore the total beam 
current, I, decreases in proportion to the decrease in the area of the 
source image.

condenser 
lens 

objective 
aperture objective 

lens 

Figure 2–24. A schematic diagram showing how beam current is lost as the source demagnifi cation 
increased. Reducing the focal length of the condenser lens further demagnifi es the image of the source, 
but the solid angle of the beam correspondingly increases (dashed lines). At a fi xed aperture, such as 
an objective aperture, more current is lost when the beam solid angle increases.
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Conservation of brightness is extremely powerful when applied to 
the STEM. At the probe, the solid angle of illumination is defi ned by 
the angle subtended by the objective aperture, α. The maximum value 
of α is dictated primarily by the spherical aberration of the microscope, 
and can therefore be regarded as a constant. Given the brightness of 
the source, we can immediately infer the beam current given the 
desired size of the source image, or vice versa. Knowledge of the source 
size is important in determining the resolution of the instrument for a 
given source size. We can now ask what the necessary source bright-
ness for a viable STEM instrument is. In an order-of-magnitude estima-
tion, we can assume that we need about 25 pA focused into a probe 
diameter, dsrc, of 0.1 nm. In an uncorrected machine, the spherical aber-
ration of the objective lens limits α to about 10 mrad. The correspond-
ing brightness can then be computed from

 

B =
( )( )

I
dπ παsrc

2
2

4  
(9.2)

which gives B ~ 109 A cm−2 sr−1, expressed in its conventional units.
Having determined the order of brightness required for a STEM we 

should now compare this number with commonly available electron 
sources. A tungsten fi lament thermionic emitter operating at 100 kV 
has a brightness B of around 106 A cm−2 sr−1, and even an LaB6 therm-
ionic emitter improves this by only a factor of 10 or so. The only elec-
tron sources currently developed that can reach the desired brightness 
are fi eld-emission sources.

9.2 The Cold Field-Emission Gun

In developing a STEM in their laboratory, a prerequisite for Crewe and 
co-workers was to develop a fi eld emission gun (Crewe et al., 1968a). 
The gun they developed was a CFEG, shown schematically in Figure 
2–25. The principle is shown in Figure 2–26. A tip is formed by electro-
chemically etching a short length of single crystal tungsten wire (a 
typical crystallographic orientation is [310]) to form a point with a 
typical radius of 50–100 nm. When a voltage is applied to the extraction 
anode, an intense electron fi eld is applied to the sharp tip. The potential 
in the vacuum immediately outside the tip therefore has a large gradi-
ent, resulting in a potential barrier small enough for conduction elec-
trons to tunnel out of the tungsten into the vacuum. An extraction 
potential of around 3 kV is usually required. A second anode, or mul-
tiple anodes, is then provided to accelerate the electrons to the desired 
total accelerating voltage.

Although the total current emitted by a CFEG (typically 5 µA) is small 
compared to other electron sources (a W hairpin fi lament can reach 
100 µA), the brightness of a 100-kV CFEG can reach 2 × 109 A cm−2 sr−1. The 
explanation lies in the small area of emission (~ 5 nm) and the small solid 
angle cone into which the electrons are emitted (semiangle of 4°). Elec-
trons are likely to tunnel into the vacuum only over the small area in 
which the extraction fi eld is high enough or where a surface with a suit-
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ably low workfunction is presented, leading to a small emission area. 
Only electrons near the Fermi level in the tip are likely to tunnel, and 
only those whose Fermi velocity is directed perpendicular to the surface, 
leading to a small emission cone. In addition, the energy spread of the 
beam from a CFEG is much lower than for other sources, and can be less 
than 0.3 eV FWHM.

A consequence of the large electrostatic fi eld required for cold fi eld 
emission is that ultrahigh vacuum conditions are required. Any gas 
molecules in the gun that become positively ionized by the electron 
beam will be accelerated and focused directly on the sharp tip. Sput-
tering of the tip by these ions will rapidly degrade and blunt the tip 
until its radius of curvature is too large to generate the high fi elds 
required for emission. Pressures in the low 10−11 Torr are usually main-
tained in a CFEG. Achieving this kind of pressure requires that the 
gun be bakable to greater than 200°C, which imposes constraints on 
the materials and methods of gun construction. Nonetheless, the tip 
will slowly become contaminated during operation leading to a decay 
in the beam current. Regular “fl ashing” is required, whereby a current 

field emission tip 

first anode 

second anode 

~ 3 kV 

100 kV 

Figure 2–25. A schematic diagram of a 100-kV cold fi eld-emission gun. The 
proximity of the fi rst anode combined with the sharpness of the tip leads to 
an intense electric fi eld at the tip, thus extracting the electrons. The fi rst anode 
is sometime referred to as the extraction anode. The second anode provides the 
further acceleration up to the full beam energy.
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Figure 2–26. A schematic diagram showing the principle of cold fi eld-
emission. The vacuum energy level is pulled down into a steep gradient by 
the application of a strong electric fi eld, producing a triangular energy barrier 
of height given by the work function, φ. Electrons close to the Fermi energy, 
EF, can tunnel through the barrier to become free electrons propagating in the 
vacuum.
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is passed through the tip support wire to heat the tip and to desorb 
the contamination. This is typically necessary once every few hours.

9.3 The Schottky FEG

Cold FEGs have until now been found commercially only in dedicated 
STEM instruments of VG Microscopes (no longer manufactured) and 
in some instruments manufactured by Hitachi, although the manufac-
turers’ ranges are always changing. More common is the thermally 
assisted Schottky fi eld-emission source, introduced by Swanson and 
co-workers (Swanson and Crouser, 1967).

The principle of operation of the Schottky source is similar to the 
CFEG, with two major differences: the workfunction of the tungsten 
tip is lowered by the addition of a zirconia layer, and the tip is heated 
to around 1700 K. Lowering the workfunction reduces the potential 
barrier through which electrons have to tunnel to reach the vacuum. 
Heating the tip promotes the energy at which the electrons are incident 
on the potential barrier, increasing their probability of tunneling. 
Heating the tip is also necessary to maintain the zirconia layer on the 
tip. A reservoir of zirconium metal is provided in the form of a donut 
on the shank of the tip. The heating of the tip allows zirconium metal 
to surface migrate under the infl uence of the electrostatic fi eld toward 
the sharpened end, oxidizing as it does so as to form a zirconia layer.

Compared to the CFEG, the Schottky source has some advantages 
and disadvantages. Among the advantages are the fact that the vacuum 
requirements for the tip are much less strict since the zirconia layer is 
reformed as soon as it is sputtered away. The Schottky source also has 
a much greater emission current (around 100 µA) than the CFEG. This 
makes is a useful source for combination CTEM/STEM instruments 
with suffi cient current for parallel illumination for CTEM work. Dis-
advantages include a lower brightness (around 2 × 108 A cm−2 sr−1) and 
a large emission area, which requires greater demagnifi cation for 
forming atomic sized probes. For applications involving high-energy 
resolution spectroscopy, a more serious drawback is the energy spread 
of the Schottky source at about 0.8 eV.

10. Resolution Limits and Aberration Correction

Having reviewed the STEM instrument and its applications, we fi nish 
by reviewing the factors that limit the resolution of the machine. In 
practice there can be many reasons for a loss in resolution, for example, 
microscope instabilities or problems with the sample. Here we will 
review the most fundamental resolution-limiting factors: the fi nite 
source brightness, spherical aberration, and chromatic aberration. 
Round electron lenses suffer from inherent spherical and chromatic 
aberrations (Scherzer, 1936), and these aberrations dominate the ulti-
mate resolution of STEM. For a fi eld-emission gun, in particular a cold 
FEG, the energy width of the beam is small, and the effect of CC is usually 
smaller than for CS. The effect of spherical aberration on the resolution 
and the need for an objective aperture to limit the higher-angle more 
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aberrated beams have been discussed in Section 2, so here we focus on 
the effect of the fi nite brightness and chromatic aberration. Finally we 
describe the benefi ts that arise from spherical aberration correction in 
STEM, and show further applications of aberration correction.

10.1 The Effect of the Finite Source Size

In Section 1 it was mentioned that the probe size in a STEM can be 
either source size or diffraction limited. In both regimes, the perfor-
mance of the STEM is limited by the aberrations of the lenses. The 
aberrations of the OL usually dominate, but in certain modes, such as 
particularly high current modes, the aberrations of the condenser 
lenses and even the gun optics might start to have an effect. The lens 
aberrations limit the maximum size of the beam that may pass through 
the OL to be focused into the probe. A physical aperture prevents 
higher angle, more aberrated rays from contributing.

The size of the diffraction-limited probe was described in Section 2. 
When the probe is diffraction limited, the aperture defi nes the size of 
the probe. The resolution of the STEM can be defi ned in many different 
ways, and will be different for different modes of imaging. For incoher-
ent imaging we are concerned with the probe intensity, and the full-
width at half-maximum may be used given by Eq. (2.9), and repeated 
here,

 ddiff = 0.4λ3/4CS
1/4 (10.1)

In the diffraction-limited regime, there is no dependence of the probe 
size on the probe current.

Once the image of the demagnifi ed source is larger than the diffrac-
tion limit, though, the probe will be source size limited. Now the probe 
size may be traded against the probe current through the source bright-
ness, by rearranging Eq. (9.2) to give

 
d

I
Bsrc =

4
2 2π α  

(10.2)

Note that the probe current is limited by the size of the objective aper-
ture, α, and is therefore still limited by the lens aberrations.

The effect of the fi nite source size will depend on the data being 
acquired. It can be thought of as an incoherent sum (i.e., a sum in 
intensity) of many diffraction-limited probes displaced over the source 
image at the sample. To explain the effect of the fi nite source size on 
an experiment, the measurement made for a diffraction-limited probe 
arising from an infi nitesimal source should be summed in intensity 
with the probe shifted over the source distribution.

The effect on a Ronchigram is to blur the fringes in the disc overlap 
regions. Remember that the fringes in a disc overlap region correspond 
to a sample spacing whose spatial frequency is given by the difference 
of the g-vectors of the overlapping discs. Once the source size as imaged 
at the sample is larger than the relevant spacing, the fringes will disap-
pear. This is a very different effect to increasing the probe size through 
a coherent aberration, such as by defocusing the probe. Defocusing the 
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probe will lead to changes in the fringe geometry in the Ronchigram, 
but not in their visibility. The fi nite source size, however, will reduce 
the visibility of the fringes. The Ronchigram is therefore an excellent 
method for measuring the source size of a microscope.

The effect of the fi nite source size on a BF image is a simple blurring 
of the image intensity, as would be expected from reciprocity. Once 
again the image should be computed for a diffraction limited probe 
arising from an infi nitesimal source, and then the image intensity 
blurred over the profi le of the source as imaged at the sample. Because 
BF is a coherent imaging mode, the effect of a fi nite source size is dif-
ferent to simply increasing the probe size.

The effect of the fi nite source size on incoherent imaging, such as 
ADF, is simplest. Because the image is already incoherent, the effect of 
the fi nite source size can be thought of as simply increasing the probe 
size in the experiment. Assuming that both the probe profi le and the 
source image profi le are approximately gaussian in form, the combined 
probe size can be approximated by adding in quadrature,

 d2
probe = d2

diff + d2
src (10.3)

This allows us now to generate a plot of the probe size for incoherent 
imaging versus the probe current (Figure 2–27).

10.2 Chromatic Aberration

It is not surprising that electrons of higher energies will be less strongly 
defl ected by a magnetic fi eld than those of lower energy. The result of 
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Figure 2–27. A plot of probe size for incoherent imaging versus beam current for both a CS-affl icted 
and CS-corrected machine. The parameters used are 100 kV CFEG with CS = 1.3 mm. Note the diffrac-
tion-limited regime where the probe size is independent of current, changing over to a source-size-
limited regime at large currents.
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this is that the energy spread of the beam will manifest itself as a 
spread of focal lengths when focused by a lens. In fact, the intrinsic 
energy spread, instabilities in the high-voltage supply, and instabilities 
in the lens supply currents will all give rise to a defocus spread through 
the formula
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(10.4)

where ∆E is the intrinsic energy spread of the beam, ∆V is the variation 
in accelerating voltage supply, ∆V0, and I is the fl uctuation in the lens 
current supply, I0. In a modern instrument, the fi rst term should domi-
nate, even with the low energy spread of a CFEG. A typical defocus 
spread for a 100-kV CFEG instrument will be around 5 nm.

Chromatic aberration is an incoherent aberration, and behaves in a 
way somewhat similar to the fi nite source size as described above. The 
effect of the aberration again depends on the data being acquired. The 
effect of the defocus spread can be thought of as an incoherent sum 
(i.e., a sum in intensity) of many experiments performed at a range of 
defocus values integrated over the defocus spread.

The effect of chromatic aberration on a Ronchigram has been 
described in detail by Nellist and Rodenburg (1994). Briefl y, the per-
pendicular bisector of the line joining the center of two overlapping 
discs is achromatic, which means that the intensity does not depend 
on the defocus value. This is because defocus causes a symmetric 
phase shift in the incoming beam, and beams equidistant from the 
center of a disc will therefore suffer the same phase shift resulting in 
no change to the interference pattern. Away from the achromatic lines, 
the visibility of the interference fringes will start to reduce.

The effect of CC on phase contrast imaging has been extensively 
described in the literature (see, for example, Wade, 1992; Spence, 1988). 
Here we simply note that in the weak-phase regime, CC gives rise to a 
damping envelope in reciprocal space,

 ECc(Q) = exp−1–2π2λ2(∆z)2|Q|4 (10.5)

where Q is the spatial frequency in the image. Clearly Eq. (10.5) shows 
that the Q4 dependence in the exponential means that CC imposes a 
sharp truncation on the maximum spatial frequency of the image 
transfer.

In contrast, the effect of CC on incoherent imaging is much less 
severe. Once again, the effect for incoherent imaging can simply be 
incorporated by changing the probe intensity profi le, Pchr(R), through 
the expression

 P f z P z dzchr R R( ) = ( ) ( )∫ , 2  (10.6)

where f(z) is the distribution function of the defocus values.
Nellist and Pennycook (1998b) have derived the effect of CC on the 

optical transfer function (OTF). Rather than imposing a multiplicative 
envelope function, the chromatic spread leads to an upper limit on the 
OTF that goes as 1/|Q|. A plot of the effects of CC on the incoherent 
optical transfer function is shown in Figure 2–28. An interesting feature 
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of the effect of CC on the incoherent transfer function is that the highest 
spatial frequencies transferred are little affected, explaining the ability 
of incoherent imaging to reach high spatial resolutions despite any 
effects of CC, as shown in Nellist and Pennycook (1998b).

An intuitive explanation of this phenomenon can be found in both 
real and reciprocal space approaches. In reciprocal space, STEM inco-
herent imaging can be considered as arising from separate partial 
plane wave components in the convergent beam that are scattered 
into the same fi nal wavevector and thereby interfere (see Section 5). 
The highest spatial frequencies arise from plane wave components on 
the convergent beam that are separated maximally, which, since the 
aperture is round, is when they are close to being diametrically 
opposite. The interference between such beams is often described as 
being achromatic because the phase shift due to changes in defocus 
will be identical for both beams, with no resulting effect on the 
interference. Coherent phase contrast imaging, however, relies on 
interference between a strong axial beam and scattered beams near the 
aperture edge, resulting in a high sensitivity to chromatic defocus 
spread.

The real-space explanation is perhaps simpler. Coherent imaging, as 
formulated by (5.2), is sensitive to the phase of the probe wavefunction, 
and the phase will change rapidly as a function of defocus. Summing 
the image intensities over the chromatic defocus spread will then wash 
out the high resolution contrast. Incoherent imaging is sensitive only 
to the intensity of the probe, which is a much more slowly varying 
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Figure 2–28. A plot of the incoherent optical transfer functions (OTFs) for various defocus spread 
FWHM values. The microscope parameters are 100 kV with CS corrected but C5 = 0.1 m. Note how the 
effect is to limit the magnitude of the OTF by a value proportional to the reciprocal of spatial frequency. 
Such a limit mostly affects the midrange frequencies and not the highest spatial frequencies.
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function of defocus. Summing probe intensities over a range of defocus 
values (see Figure 2–29) shows the effect. The central peak of the probe 
intensity remains narrow, but intensity is lost to a skirt that extends 
some distance. Analytical studies will be particularly affected by the 
skirt, but for a CFEG gun, the effect of CC will show up only at the 
highest resolutions, and typically is only seen after the correction of 
CS. Krivanek (private communication) has given a simple formula for 
the fraction of the probe intensity that is shifted away from the probe 
maximum,

 fs = (1 − w)2 (10.7)

where

 w = 2d2
gE0/(∆ECCλ) or w = 1, whichever is smaller, (10.8)
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Figure 2–29. Probe profi le plots with (A) and without (B) a chromatic defocus 
spread of 7.5 nm FWHM. The microscope parameters are 100 kV with CS cor-
rected but C5 = 0.1 m. Note that the width of the main peak of the probe is not 
greatly affected, but intensity is lost from the central maximum into diffuse 
tails around the probe.
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and dg is the resolution in the absence of chromatic aberration. At a 
resolution dg = 0.8 Å, energy spread ∆E = 0.5 eV, coeffi cient of chromatic 
aberration Cc = 1.5 mm, and primary energy E0 = 100 keV, the above 
gives fs = 30% as the fraction of the electron fl ux shifted out of the probe 
maximum into the probe tail. This shows that with the low energy 
spread of a cold fi eld emission gun, the present-day 100 kV perfor-
mance is not strongly limited by chromatic aberration.

10.3 Aberration Correction

We have spent a lot of time discussing the effects of lens aberrations 
on STEM performance. Except for some specifi c circumstances, round 
electron lenses always suffer positive spherical and chromatic aberra-
tions. This essential fact was fi rst proved by Scherzer in 1936 (Scherzer, 
1936), and until recently lens aberrations were the resolution-limiting 
factor. Scherzer also pointed out that nonround lenses could be 
arranged to provide negative aberrations (Scherzer, 1947), thereby pro-
viding correction of the round lens aberrations. He also proposed a 
corrector design, but it is only within the last decade that aberration 
correctors have started to improve microscope resolution over those of 
uncorrected machines [see, for example, Zach and Haider (1995) for 
SEM, Haider et al. (1998b) for TEM, and Batson et al. (2002) and Nellist 
et al. (2004) for STEM]. The key has been the control of parasitic aber-
rations. Aberration correctors consist of multiple layers of nonround 
lenses. Unless the lenses are machined perfectly and aligned to each 
other and the round lenses they are correcting perfectly, nonround 
parasitic aberrations, such as coma and three-fold astigmatism, will 
arise and negate the benefi cial effects of correction. Recent aberration 
correctors have been machined to extremely high tolerances, and addi-
tional windings and multipoles have been provided to enable correc-
tion of the parasitic aberrations. Perhaps even more crucial has been 
the development of computers and algorithms that can measure and 
diagnose aberrations fast enough to feed back to the multipole power 
supplies to correct the parasitic aberrations. A particularly powerful 
way of measuring the lens aberrations is through the local apparent 
magnifi cation of the Ronchigram of a nonperiodic object (Dellby et al., 
2001) (see Section 3.2).

The key benefi ts of spherical aberration correction in STEM are illus-
trated by Figure 2–27. Correction of spherical aberration allows a larger 
objective aperture to be used because it is no longer necessary to 
exclude beams that previously would have been highly aberrated. A 
larger objective aperture has two results: First, the diffraction-limited 
probe size is smaller so the spatial resolution of the microscope is 
increased. Second, in the regime in which the electron source size is 
dominant, the larger objective aperture allows a greater current in the 
same size probe. Figure 2–27 shows both effects clearly. For low cur-
rents the diffraction-limited probe decreases in size by almost a factor 
of two. In the source size-limited regime, for a given probe size, spheri-
cal aberration correction increases the current available by more than 
an order of magnitude. The increased current available in a CS cor-
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rected STEM is very important for fast elemental mapping or even 
mapping of subtle changes in fi ne structure using spectrum imaging 
(Nellist et al., 2003) (see Section 6).

So far, the impact of spherical aberration correction on resolution has 
probably been greater in STEM than in CTEM. Part of the reason lies 
in the robustness of STEM incoherent imaging to CC. Correction of CC 
is more diffi cult than for CS, and at the time of writing a commercial 
CC corrector for high-resolution TEM instruments is not available. We 
saw in Section 10.2 that compared to HRTEM, the resolution of STEM 
incoherent imaging is not severely limited by CC. Furthermore, the 
dedicated STEM instruments that have given the highest resolutions 
have all used cold fi eld emission guns with a low intrinsic energy 
spread. A second reason for the superior CS-corrected performance of 
STEM instruments lies in the fact that they are scanning instruments. 
In a STEM, the scan coils are usually placed close to the objective lens 
and certainly there are no optical elements between the scan coils and 
the objective lens. This means that in most of the electron optics, in 
particular the corrector, the beam is fi xed and its position does not 
depend on the position of the probe in the image, unlike the case for 
CTEM. In STEM therefore, only the so-called axial aberrations need to 
be measured and corrected, a much reduced number compared to 
CTEM for which off-axial aberrations must also be monitored.

Commercially available CS correctors are currently available from 
Nion Co. in the United States and CEOS GmbH in Germany. The exist-
ing Nion corrector is a quadrupole–octupole design, and is retrofi tted 
into existing VG Microscopes dedicated STEM instruments. Because 
the fi eld strength in an octupole varies as the cube of the radial distance, 
it is clear that an octupole should provide a third-order defl ection to 
the beam. However, the four-fold rotational symmetry of the octupole 
means that a single octupole acting on a round beam will simply intro-
duce third-order four-fold astigmatism. A series of four quadrupoles is 
therefore used to focus line crossovers in two octupoles, while allowing 
a round beam to be acted on by the third (central) octupole (see fi gures 
in Krivanek et al., 1999). The line crossovers in the outer two octupoles 
give rise to third-order correction in two perpendicular directions, 
which provides the necessary negative spherical aberration, but also 
leaves some residual four-fold astigmatism that is corrected by the third 
central round-beam octupole. This design is loosely based on Scherzer’s 
original design that used cylindrical lenses (Scherzer, 1947). Although 
this design corrects the third-order CS, it actually worsens the fi fth-
order aberrations. Nonetheless, it has been extremely successful and 
productive scientifi cally. A more recent corrector design from Nion 
(Krivanek et al., 2003) allows correction of the fi fth-order aberrations 
also. Again it is based on third-order correction by three octupoles, but 
with a greater number of quadrupole layers, which can provide control 
of the fi fth-order aberrations. This more complicated corrector is being 
incorporated into an entirely new STEM column designed to optimize 
performance with aberration correction.

An alternative corrector design that is suitable for both HRTEM and 
STEM use has been developed by CEOS (Haider et al., 1998a). It is 
based on a design by Shao (1988) and further developed by Rose (1990). 
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It includes two sextupole lenses with four additional round lens cou-
pling lenses. The primary aberration of a sextupole is three-fold astig-
matism, but if the sextupole is extended in length it can also generate 
negative, round spherical aberration. If two sextupoles are used and 
suitably coupled by round lenses, the three-fold astigmatism from each 
of them can cancel, resulting in pure, negative spherical aberration. The 
optical coupling between the sextupole layers and the objective lens 
means that the off-axial aberrations are also canceled, which allows the 
use of this kind of corrector for HRTEM imaging in addition to STEM 
imaging.

Aberration correction in STEM has already produced high impact 
results. The improvement in resolution has been dramatic with a reso-
lution as high as 0.78 Å and information transfer to 0.6 Å being dem-
onstrated (Figure 2–30) (Nellist et al., 2004). The ability to image at 
atomic resolution along different orientations has allowed a full, three-
dimensional reconstruction of a heterointerface to be determined 
(Falke et al., 2004). Spectroscopy of single atoms of impurities in a 
doped crystalline matrix has been demonstrated (Varela et al., 2004). 
Clearly, aberration correction in STEM is now well established and will 
become more commonplace.

11. Conclusions

In this chapter we have tried to describe the range of techniques 
available in a STEM, the principles behind those techniques, and 
some examples of applications. Naturally there are many similarities 

78 pm 

Figure 2–30. An ADF STEM image of Si<112> recorded using a 300-kV VG 
Microscopes HB603U STEM fi tted with a Nion aberration corrector. The 78 pm 
spacing of the atomic columns in this projection is well resolved, as can be 
seen in the intensity profi le plot from the region indicated.
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between the CTEM and the STEM, and some of the imaging modes 
are equivalent. Certain techniques in STEM, however, are unique, and 
have particular strengths. In particular, STEM is being used for ADF 
and electron energy-loss spectroscopy. The ADF imaging mode is 
important because it is an incoherent imaging mode and shows 
atomic number (Z) contrast. The incoherent nature of ADF imaging 
makes the images simpler to interpret in terms of the atomic structure 
under observation, and we have described how it has been used to 
determine atomic structures at interfaces, even correcting earlier 
structural analyses by HRTEM. The CTEM cannot effi ciently provide 
an incoherent imaging mode. The spatial resolution of STEM can also 
be applied to composition analysis through EELS, and atomic resolu-
tion and single-atom sensitivity are both now being demonstrated. 
Not only can EELS provide compositional information, but analysis 
of the fi ne structure of spectra can reveal information on the bonding 
between materials.

The capabilities listed above, combined with the availability of com-
bination CTEM/STEM instruments, has dramatically increased the 
popularity of STEM. For many years, the only high-resolution STEM 
instruments available were dedicated STEM instruments with a CFEG. 
These machines were designed as high-end research machines and 
they tended to be operated by experts who could devote time to their 
operation and maintenance. Modern CTEM/STEM instruments are 
much more user friendly, and the Schottky gun system usually found 
on such machines is easier to operate.

We have also discussed some of the technical details of the electron 
optics and resolution- limiting factors, which raises the question of 
where the development of STEM instrumentation is likely to go in the 
future. Clearly spherical aberration correction is already having a major 
impact on STEM performance, and the fraction of STEM instruments 
fi tted with correctors is bound to increase. The benefi ts of aberration 
correction are not only the increased spatial resolution, but also the 
dramatically improved beam current and also the possibility of creat-
ing more room around the sample for in situ experiments. The increased 
beam current already allows fast mapping of spectrum images with 
suffi cient signal to noise for fi tting of fi ne-structure changes. Much 
faster elemental mapping should become possible, with acquisition 
rates perhaps reaching 1000 spectra/s, which would allow a 256 by 256 
pixel spectrum image to be recorded in around 1 min. To achieve this 
goal, however, requires further development of the spectra acquisition 
instrumentation, such as the CCD camera and probe scan controller. 
With aberration correction now available it is often found that the 
STEM performance is being limited by other aspects of the instrumen-
tation. It is now an excellent time for a reevaluation of the design of 
electron-optical columns to be used for aberration-corrected STEM. 
Already a number of manufacturers are launching new columns and 
the STEM community is eagerly awaiting new data demonstrating 
their performance. New columns also allow the inclusion of in situ 
experiments, and we are likely to see columns fi tted with scanning 
probe systems, nanomanipulators, or environmental cells. Environ-
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mental cells, for example, would add to the STEM’s existing strengths 
in the imaging of dispersed catalysts by allowing samples to be viewed 
while being dosed with active gases.

The other important technical development currently being intro-
duced into STEM instruments is monochromation. There are two moti-
vations for this development. Obviously a more monochromated beam 
will lead to improved energy resolution in EELS. Defect states in band 
gaps would become visible in the low-loss spectrum and core-loss fi ne 
structure would show greater detail. Furthermore, Schottky guns have 
a greater energy spread in the beam (about 0.8 eV) compared to a CFEG 

with a monochromator to improve their energy resolution. With a 

gun, hence a spatial resolution benefi t from monochromation. An 
important consequence of monochromation, however, is that it reduces 

Starting with a gun that is brighter and has an intrinsically narrower 
energy spread, such as a CFEG, obviously has strong benefi ts for STEM. 
Time will tell whether the CFEG will become more popular again. 
Nevertheless, it is clear that STEM itself has a very strong future in the 
imaging and analysis of materials.
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3
Scanning Electron Microscopy 

Rudolf Reichelt

1 Introduction

The earliest historical contribution to the idea of a scanning electron 
microscope (SEM) was probably made by H. Stintzing in 1927 in a 
German patent application (Stintzing, 1927). In his patent he proposed 
irradiating a sample with a narrowly collimated beam (light, X-ray, 
corpuscles) and moving the sample transversely to the beam. The 
magnitude of interaction between beam and sample was to be mea-
sured by a suffi ciently sensitive recording device, to be amplifi ed and 
then displayed on an electron tube. This idea aimed to determine the 
size of small particles not accessible to light microscopy. However, the 
method proposed was unable to generate a magnifi ed image.

The fi rst electron beam scanner capable of producing an image of 
the surface of a bulk sample with the emitted secondary electrons (SE) 
was developed by H. Knoll in 1935 (Knoll, 1935). In this instrument a 
focused electron beam was scanned across the sample surface by mag-
netic defl ection line by line. The generated SE were converted into an 
electronic signal, which was amplifi ed and then used to modulate the 
brightness of an electron tube. Both the electron beam of the scanner 
and of the display tube were scanned synchronously across the same 
distance by perpendicular pairs of defl ection coils, thus the electron 
beam scanner at that time possessed unit magnifi cation. The contrast 
in the SE image was due to the varying yield of SE caused by the dif-
ferent local chemical composition of the sample surface. However, sub-
microscopic resolution with an SEM was fi rst obtained by M. von 
Ardenne using the transmission mode [so-called scanning transmis-
sion electron microscope (STEM)] (von Ardenne, 1938). The early devel-
opment of electron microscopy up to 1940 has been described extensively 
by E. Ruska (1979). While the development of SEM in Europe was 
interrupted by World War II, the idea of SEM was used by Zworykin, 
Hillier, and Snyder in the United States for the construction of such an 
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instrument (Zworykin et al., 1942). After World War II experiments 
with scanning electron microscopes started in England and France. 
Since 1948 C.W. Oatley from the Engineering Laboratory of the Univer-
sity of Cambridge directed intensive development in that fi eld, which 
led to the fi rst commercial scanning electron microscope available in 
1965. Pioneering work in the improvement of instrumentation (e.g., 
electron sources, electron optics, detectors, signal processing), the 
investigation of electron-specimen interaction, elucidation of funda-
mental contrast mechanisms, and development of methods for the 
preparation of samples were done in the 1960s and 1970s (for books, 
proceedings of SEM conferences, and reviews see, e.g., Oatley, 1972; 
Ohnsorge and Holm, 1973; Holt et al., 1974; Wells, 1974, 1975; Hayat, 
1974; Goldstein and Yakowitz, 1975; Reimer and Pfefferkorn, 1973, 1977; 
Pfefferkorn, 1968; Johari, 1968; Reimer, 1978). At the same time the SEM 
was applied extensively in very different fi elds for imaging of surfaces, 
for the local crystallographic characterization of polycrystalline materials 
by electron backscattered diffraction (EBSD), and in combination 
with X-ray microanalytical equipment such as an energy dispersive 
spectrometer (EDX) or a wavelength dispersive spectrometer (WDX) 
for the local element analysis of specimens (for books or proceedings of 
SEM conferences see, e.g., Heywood, 1971; Fujita et al., 1971; Thornton, 
1972; Troughton and Donaldson, 1972; Siegel and Beaman, 1975; 
Chandler, 1978; Revel et al., 1983; Newbury et al., 1987; Wetzig and 
Schulze, 1995; Reed, 1996; Goldstein et al., 1984, 2003; Pfefferkorn, 1968; 
Johari, 1968).

A signifi cant improvement in SEM instrumentation was made by the 
development of the fi eld emission scanning electron microscope 
(FESEM) that became commercially available in the 1980s. In the 
FESEM instead of a thermionic gun a fi eld emission gun (FEG) is used 
for electron beam generation, which allows the formation of an elec-
tron probe with a diameter of about 0.5 nm. Together with further 
improvements in electron optics and electron detectors on the one 
hand and in specimen preparation on the other hand, high-resolution 
imaging by FESEM became feasible. Additionally, the FESEM enables 
specimens to be imaged at low acceleration voltages, i.e., below 5 kV, 
also at high resolution. The operation of the FESEM at low acceleration 
voltages opens new avenues for interesting applications in the charac-
terization of surfaces (for reviews of specifi c aspects of the instrumen-
tation, image formation, and application of FESEM at conventional or 
low acceleration voltages, respectively, see, e.g., Lyman et al., 1990; 
Reimer, 1993; Joy, 1995; Sawyer and Grubb, 1996; Müllerova and Frank, 
2003).

A very interesting step forward in the instrumentation was the 
development of a so-called environmental scanning electron micro-
scope (ESEM) pushed in the 1980s in particular by G.D. Danilatos. 
Investigations of specimens using secondary or backscattered elec-
trons for imaging, in SEM and FESEM restricted to high vacuum, can 
be performed in the ESEM in a low vacuum at a pressure of about 10 
up to a few thousands Pa. Obviously, this is of great interest for samples 
that consist of materials or may contain dirt or fl uids, respectively, 
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having a partial pressure in the low vacuum range mentioned. Typical 
examples are water or oil containing natural specimens. Moreover, 
electric insulators can be imaged without prior conductive coating by 
ESEM in low vacuum without signifi cant electric charging artifacts. 
The ESEM (ESEM is used as a trade name by the manufacturers 
Electroscan/Philips/FEI) became commercially available in 1987 (for 
reviews of specifi c aspects of the instrumentation, image formation, 
and application of ESEM see, e.g., Danilatos, 1988, 1990). Since about 
the second half of the 1990s other manufacturers also offer commercial 
SEMs for low vacuum operation, usually referred to as low vacuum 
SEM, variable pressure SEM, natural SEM, etc.; however, these instru-
ments are restricted typically to a maximum pressure of about 300 Pa 
and allow imaging only with backscattered electrons (BSE).

Modern high-resolution FESEMs have at an electron energy of 30 keV 
a specifi ed resolution power in the SE mode in the range of 0.5–1 nm, 
which corresponds to about the size of a small molecule. It marks the 
smallest size of a structure accessible on one hand. Working at the 
smallest magnifi cation of an SEM on the other hand allows imaging of 
visible structures as large as about 1 mm, i.e., high-resolution SEMs 
cover a wide range of six orders of magnitude for the structural char-
acterization of surfaces. A further advantage of the SEM is the simul-
taneous acquisition of different signals generated by the local interaction 
of the beam electrons with the specimen. Each of these signals, e.g., SE 
and BSE, carries different information about the sample, thus an exten-
sive multidimensional data set about an area of interest can be obtained 
by one scan line-by-line across this area. The recording time may vary 
from a few seconds only to about 1 min depending on the strength of 
the signal and the signal-to-noise ratio required.

The scanning electron microscopy is now a well-established method 
for the characterization of surfaces in ultrahigh vacuum (UHV), high 
vacuum (HV), and low vacuum (LV) in many different fi elds. Clearly, 
it is not possible to mention all of them, however, the main fi elds are 
certainly the materials (metals, alloys, ceramics, glasses) and surface 
sciences, semiconductor research and industry, life sciences, and mis-
cellaneous sciences such as polymer and food research, mineralogy, 
geology, the oil industry, and archaeology.

In addition to scanning electron microscopy some other surface-
sensitive methods such as atomic force microscopy, scanning tunnel-
ing microscopy, and photoelectron microscopy are described in the 
book “Science of Microscopy.” It is certainly of particular interest to 
see in detail how these surface-sensitive methods complement each 
other, what specifi c advantages they offer, and how they compare with 
SEM.

1.1 Abbreviations

ADC Analog-to-digital-converter

AE Auger electrons

AES Auger electron spectroscopy
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AFM Atomic force microscope/microscopy

ASEM Atmospheric scanning electron microscope/
microscopy

CC Charge collection

CE Collection effi ciency

CFEG Cold fi eld emission gun

CRT Cathode ray tube

CSEM Conventional high vacuum scanning electron 
microscope/microscopy

EBIC Electron beam-induced current

EBSD Electron backscattered diffraction

ECP Electron channeling pattern

EDX Energy dispersive X-ray

ESEM Environmental scanning electron 
microscope/microscopy

ET Everhart–Thornley

ETD Everhart–Thornley detector

FEG Field emission gun

FESEM Filed emission scanning electron 
microscope/microscopy

FLM Fluorescence light microscopy

HFEG Hot fi eld emission gun

HRSEM High-resolution scanning electron 
microscope/microscopy

HV High vacuum

LCD Liquid crystal display

LEED Low-energy electron diffraction

LP Light pipe

LV Low vacuum

LVSEM Low-voltage scanning electron microscope/microscopy

MCP Microchannel plate

MEMS Microelectromechanical systems

NEMS Nanoelectromechanical systems

OIM Orientation imaging microscopy

PC Personal computer

CL Cathodoluminescence
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SAM Scanning Auger microscopy

SE Secondary electrons

SEC Schottky emission cathode

SEM Scanning electron microscopes

SLEEM Scanning low-energy electron microscope/microscopy

S/N Signal to noise

SNR Signal-to-noise ratio

STEM Scanning transmission electron microscope/
microscopy

STM Scanning tunneling microscope/microscopy

UHV Ultrahigh vacuum

UV Ultraviolet

VLVSEM Very low-voltage scanning electron microscopy

WD Work distance

WDX Wavelength dispersive X-ray

YAG Yttrium-aluminum-garnet

YAP Yttrium-aluminum-perovskite

3D Three dimensional

1.2 Symbols

A Atomic weight

Cc Chromatic aberration constant

Cs Spherical aberration constant

d Lattice-plane spacing

dp Final electron probe diameter dp at the specimen

dpe Effective fi nal electron probe diameter

dp,min Minimum effective electron probe diameter

dc Diameter of the error disc of chromatic aberration

df Diameter of the diffraction caused Airy disc

ds Diameter of the error disc of spherical aberration

do Diameter do of the fi rst crossover

E Electron energy

EAE Energy of Auger electrons

Eo Electron energy of the beam electrons
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EBSE Energy of backscattered electrons

E2 Beam electron energy where the number of incoming and 
emitted electrons is equal

EX X-ray energy

Eexm Mean energy per excitation of an electron hole pair

F Flux of gas molecules

f Focal length of a lens

ICC Charge-collection current

Ip Electron probe current

Ip,max Maximum electron probe current

jc Current density for thermionic emission

J Mean ionization potential

L Electron path length in gas

N Number of atoms per unit volume

NA Avogadro’s number

N ⋅ I Ampere-windings of an electromagnetic lens

nm Mean number of electron hole pairs

M Magnifi cation

p Object distance to the center of the lens

pg Pressure in the specimen chamber of the SEM

px Parallax

q Image distance to the center of the lens

R Electron range

RB Bethe range

T Temperature

t Specimen thickness

Z Atomic number

αp Semiangle of the convergent impinging electron probe at the 
specimen

αopt Optimum value of αp

∆E Energy spread of the beam electrons

Φ Work function

θ Angle of incidence of the electron beam

Θ Tilt angle of the specimen

ϕ Scattering angle
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ϑ Bragg angle

αo Semiangle of divergence of the fi rst crossover

δ Secondary electron yield

η Backscattered electron coeffi cient

λ Wavelength of the beam electrons

λx Wavelength of X-ray

Λ Mean free path for electron scattering in gas

Λel Mean free path for elastic scattering

Λin Mean free path for inelastic scattering

σ Electron scattering cross section

σel Elastic electron scattering cross section

σin Inelastic electron scattering cross section

σg Total electron scattering cross section of gas molecule

ε Complex dielectric constant

ε0 Dielectric constant

ν Frequency of radiation

ω Fluorescence yield of X-rays

2 Conventional Scanning Electron Microscopy

The principle of a scanning electron microscope is shown schematically 
in Figure 3–1. The two major parts are the microscope column and the 
electronics console. The microscope column consists of the electron gun 
(with the components cathode, Wehnelt cylinder, anode), one or two 
condenser lenses, two pairs of beam defl ection coils (scan coils for X, Y 
defl ection), the objective lens, and some apertures. In the specimen 
chamber at the lower end of the microscope column are located the 
specimen stage and the detectors for the different signals generated by 
the electron–specimen interaction. The microscope column and the 
specimen chamber are evacuated using a combination of prevacuum 
and high vacuum pumps (usually oil diffusion pumps). The pressure 
in the specimen chamber typically amounts to about 10−4 Pa, allowing 
the beam electrons to travel from the cathode to the specimen with little 
interaction with the residual gas molecules. The electronics console 
consists of the electric power supplies for the acceleration voltage (usual 
range about 0.5–30 kV) as well as the condenser and objective lenses, the 
scan generator, and electronic amplifi ers for the different signals 
acquired. Moreover, the console also houses one or more monitors 
[cathode ray tube (CRT) or liquid crystal display (LCD)] for displaying 
the micrograph(s), a photo-CRT for analogous image recording, and 
numerous knobs and a computer keyboard to control the electron 
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beam, the signals selected, and the image recording. Now modern 
SEMs mostly use a PC to control the electron beam, to select the signals, 
and to record as well as to store the digital image(s). In that case the 
numerous knobs are obsolete and are replaced by a mouse-controlled 
interactive program running on the PC.

How does the SEM work? The beam electrons are emitted from the 
cathode and accelerated by a voltage of 0.5–30 kV between the cathode 
and anode forming a smallest beam cross section—the crossover—near 
the anode with a diameter of about 10–50 µm. This spot size is too large 
to produce a sharp image. Therefore the crossover is demagnifi ed by 
the lens system consisting of one or two condenser lenses and one 
objective lens and focused on the specimen surface. Most SEMs can 
produce an electron beam having a smallest spot size of about 5–10 nm 
and an electron probe current in the range of 10−12–10−10 A, which is 
suffi cient to form an image with a reasonable signal-to-noise (S/N) 
ratio. For higher probe currents required for some modes of operation 
the smallest probe spot size increases to 100 nm or more. The objective 
lens has a variable relatively long focal length that allows a large 
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Figure 3–1. Schematic drawing of a conventional SEM. The evacuated microscope column (inside the 
bold dashed frame) contains the electron gun, electromagnetic lenses, electromagnetic defl ection coils, 
apertures, the specimen stage, and the detectors. The electronics console houses the power supplies 
for the acceleration voltage and the electromagnetic lenses, the scan generator, amplifi ers for the 
signals, and monitors for display and recording of images. Modern SEMs are controlled by a PC. A, 
anode; BSE, backscattered electrons; C, cathode; ConA, condenser aperture; ConL, condenser lens; CL, 
cathodoluminescence; Defl . X, pair of beam defl ection coils in the X direction; Defl . Y, pair of beam 
defl ection coils in the Y direction; Det., detectors; DF-D, dark-fi eld detector; O, specimen; OA, objective 
aperture; OL, objective lens; PC, personal computer; SE, secondary electrons; STEM, scanning trans-
mission electron microscope signal; W, Wehnelt cylinder; X-ray, X-ray signal.
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working distance (WD; it corresponds to the distance between the 
specimen and lower pole piece) in the range of about 5–30 mm. This 
ensures that the various signals generated by the impinging beam 
electrons (Figure 3–2) in the small specimen interaction volume can be 
collected by detectors located lateral above the specimen with suffi cient 
effi ciency. Pairs of beam defl ection coils located in front of the objective 
lens and controlled by a scan generator scan the electron probe line by 
line across a small area of the specimen. Simultaneously, the scan gen-
erator controls the defl ection coil system of a monitor. The intensity of 
the monitor is modulated by the amplifi ed signal selected by the 
operator.

The signals may vary from one location to another as the electron–
specimen interaction changes due to, e.g., topography and specimen 
composition. The magnifi cation of the image is given by the ratio of 
the length of the scan on the monitor and the corresponding length of 
the scan on the specimen. For example, an increase in magnifi cation 
can simply be achieved by decreasing the current of the defl ection coils 
in the microscope column (i.e., lowering the length of the scan on the 
specimen) and keeping the image size on the monitor constant. It 
should be mentioned that the magnifi cation also depends on the WD, 
however, modern SEMs compensate automatically for each WD, thus 
keeping the displayed magnifi cation correct. Figure 3–3 shows a series 
of images recorded with increasing magnifi cations over a range of 
almost three orders of magnitude.

For crystal structure analysis (cf. Section 7) basically two strategies 
exist: (1) The mode of beam defl ection changes from scanning line by 
line to rocking of the electron beam when the probe is at rest on a 
chosen location and the angle of incidence is scanned within a select-
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E0 = 0.1 - 30 keV

Cathodoluminescence / X-rays
hν < E0

Backscattered electrons
50eV < E ≤ E0

Secondary electrons
E ≤ 50eV

Specimen

Elastically
scattered
electrons
E = E0

Unscattered
electrons

E0

Inelastically
scattered
electrons

E = E0 -   E 

Auger electrons
E = EAE

∇ 

Figure 3–2. Schematic drawing of signals for a thin sample generated by the 
impinging electrons. EO, energy of beam electrons; E, energy of signal elec-
trons; EAE, energy of Auger electrons; ∆E, energy loss of inelastically scattered 
electrons; hν, energy of radiation.
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able angular range to form an electron channeling pattern. (2) The 
electron backscattered diffraction pattern from the point of electron 
beam impact is recorded by means of a position-sensitive detector and 
analyzed revealing information about the local crystal structure.

One of the greatest strengths of the SEM is the tremendous depth of 
focus, i.e., the range of heights of the specimen being simultaneously 
in focus (cf. Figure 3–3). Due to the small objective aperture diaphragm 
(about 50–100 µm) and the large WD the semiangle αp of the convergent 

Figure 3–3. Micrograph series of increasing magnifi cation of the head and the eye of a fl y (Drosophila 
melanogaster), recorded with secondary electrons at 30 kV. The specimen was air dried and sputter 
coated with about 15 nm gold. Note the large depth of focus. The last magnifi cation step from (e) to 
(f) barely reveals further fi ne details of the specimen because of the preparation used. The scale of 
dimensions of the micrographs covers about three orders of magnitude.
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impinging electron probe is in the order of 10 mrad only. At magnifi ca-
tions that are comparable to those of light microscopy (e.g., 1000×) the 
SEM has a depth of focus that is about 100 times greater than that of 
an optical microscope, obviously because the semiangle of convergence 
is much larger in the latter case.

To take full advantage of all the information that SEM can provide, 
an understanding of its operation modes and the infl uence of electron 
beam parameters on the image resolution, the image contrast, the 
signal strength, and the S/N ratio as well as the electron–specimen 
inter action is mandatory. The remarkable success of scanning electron 
microscopy over several decades is mainly due to the tremendous 
depth of focus, the brilliant image contrast, and the relatively straight-
forward sample preparation for imaging of surfaces, and, in combina-
tion with X-ray microanalytical equipment, its capability of local 
quantitative element analysis of specimens.

2.1 Electron Guns, Electron Lenses, Detectors, and Stages

2.1.1 Electron Guns
The electron gun provides the SEM with an electron beam of adjustable 
current and energy. The most classic electron gun is the triode gun 
based on thermionic emission from a tungsten fi lament heated to about 
Tc = 2700 K (cf. Figure 3–4). The fi lament has a diameter of about 0.1 mm 
and is bent in the shape of a V hairpin to localize the emission area on 
the tip. The size of this area is around 100 × 150 µm. By ther mionic 
excitation the electrons overcome the work function Φ of the tungsten 
tip and a current with the density jc is emitted according to the 
Richardson law

 jc = ATc
2 exp(−Φ/kTc) (2.1)

Cathode
Wehnelt

Crossover

Anode

U =
1-50 kV

–

+

RWUW

UH

Ic

Figure 3–4. Schematic drawing of the thermionic emission triode gun with a 
tungsten hairpin fi lament. The fi lament is heated by the applied voltage UH. 
Rw, variable resistor to adjust the potential UW between the Wehnelt cylinder 
and cathode; U, acceleration voltage. [Adapted from Reimer (1993); with kind 
permission of the International Society of Optical Engineering (SPIE), Belling-
ham, WA.]
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where A represents a constant depending on the cathode material and 
k is the Boltzmann constant; Φ = 4.5 eV for tungsten. The density jc 
depends strongly on the temperature: jc is about 1.8 A cm−2 for Tc = 
2700 K and about 3 A cm−2 for Tc = 2800 K.

The emitted electrons are accelerated from the fi lament at a high 
negative potential (e.g., −30 kV) toward the anode at ground potential 
(0 V). Central holes in the Wehnelt cylinder and in the anode enable a 
fraction of the accelerated electrons (e.g., Eo = 30 keV) to move toward 
the lenses in the microscope column. The emission current is typically 
in the order of 100 µA and can be controlled by the bias of the Wehnelt 
cylinder, which surrounds the fi lament. The negative Wehnelt bias is 
provided by a voltage drop caused by the emission current through the 
resistor RW. The electrostatic fi eld distribution inside the triode gun has 
a focusing action to the emitted electrons generating a crossover that is 
located between the Wehnelt cylinder and the anode. This crossover 
can be characterized by the diameter do and the semiangle αo of the 
divergence. do is usually in the order of 50 µm. As we will see later the 
condenser and objective lenses produce a demagnifi ed image of that 
crossover on the specimen surface representing the fi nal electron probe 
(diameter dp).

An important parameter of an electron gun is its axial brightness β, 
which is defi ned as the beam current per area (equal to current density) 
into a solid angle πα2 (Reimer, 1985)

 β = j/πα2 = const. (2.2)

It is important to note that the brightness remains constant for all 
points along the electron optical axis from the cathode through the 
microscope column to the specimen. This means that the brightness of 
the fi nal electron probe on the specimen surface is equal to the bright-
ness of the gun regardless of apertures in the microscope column, 
i.e.,

 β = 4Io/π2do
2αo

2 = 4Ip/π2dp
2αp

2 (2.3)

where Io is the beam current at the crossover inside the electron gun. 
Equation (2.3) shows that the characteristic illumination parameters Ip, 
dp and αp cannot be changed independently. For example, an increase 
of β for given dp and αp clearly requires an increase of Ip.

The work function of tungsten is relatively high. Lanthanum hexa-
boride (LaB6) has a signifi cantly lower work function (Φ = 2.7 eV) and 
can therefore emit greater current densities at lower temperature (Tc = 
1900 K). At the same time the brightness of the electron probe is also 
increased since the maximum brightness of an electron gun (Reimer, 
1985) is given as

 β = jcEo/πk Tc (2.4)

i.e., the brightness β is inversely proportional to the temperature of the 
cathode. The LaB6 cathode consists of a small piece of an LaB6 single 
crystal with a tip radius typically of about 1 µm. The single crystal is 
supported by a nonreactive material and is resistively heated. It seems 
worth mentioning that (1) in the cathode chamber the operation of an 
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LaB6 requires a vacuum better than 10−4 Pa to avoid cathode contamina-
tion (tungsten cathode: about 10−3 Pa) and (2) its alignment is critical.

Characteristic values of the triode gun with thermionic tungsten and 
the LaB6 cathode are summarized in Table 3–1.

2.1.2 Electron Lenses
As discussed in Section 2.1.1 the electrons emerge from the electron 
gun as a divergent beam. Two or three electromagnetic lenses and 
apertures in the microscope column (cf. Figure 3–1) reconverge and 
focus the beam into a demagnifi ed image of the fi rst crossover gener-
ated by the gun. The fi nal lens—the objective lens—focuses the beam 
into the smallest possible spot of 4–10 nm on the sample surface, i.e., 
the total demagnifi cation is about 5000×.

Rotationally symmetric electromagnetic lenses consist of a coil with 
N ⋅ I ampere windings inside an iron pole piece. Typically, N ⋅ I is in the 
order of 103 A for the condenser and objective lenses. The iron pole piece 
has a small gap in its axial bore. The current in the coil generates a 
magnetic fi eld carried by the iron, which also appears at the gap forming 
a bell-shaped stray fi eld distribution on the optical axis with a radial 
and axial fi eld component. Off-axis electrons move due to the Lorentz 
force along screw trajectories because the radial component of the fi eld 
results in a rotation around the optical axis. Electrons emerging diver-
gently from a point in front of the lens are focused in an image point 
behind the lens. The lenses of SEMs can usually be considered weak 
lenses (because the pole piece is not saturated). In this case, the princi-
pal planes of the lens coincide with its optical center and the formulas 
for thin light optical lenses can be used. In close analogy to light optics 
the strength of an electromagnetic lens can be characterized by its focal 
length f. Using the thin lens formulas we can write

Table 3–1. Characteristic parameters of different electron guns.
 Source

     Schottky
 Thermionic LaB6-   emission
Parameters W-cathodea cathodea,b Cold FEGc Hot FEGc cathodec

Brightness 105 106 107–108 107–108 107–108

 (A cm-2 sr-1

Energy 1–3 0.5–2 0.2–0.4 0.5–0.7 0.8
 spread (eV)

Vacuum (Pa) ~10-3 ~10-4 10-8–10-9 10-8–10-9 10-8

Emission ~100 1–>50 ~10 ~10 30–70
 current (mA)

Life time ~40 h ~200 h >1 year >1 year >1 year

 ~150 hd  ~8 yearsd

a Reimer (1985).
b DeVore and Berger (1996).
c Reimer (1993).
d Reichelt (unpublished).

)
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 1/f = 1/p + 1/q (2.5)

where p is the distance from the object (= crossover) and q is the dis-
tance to the image. Both, p and q are related to the center of the lens. 
The magnifi cation M is given simply by

 M = q/p (2.6)

where M < 1 for p > 2f, i.e., a demagnifi ed image of an object is obtained 
at these imaging conditions. Therefore, a strong demagnifi cation of 
about 5000× of the fi rst crossover can be obtained for p >> 2f for each 
of the two or three lenses by successive demagnifi cation of each inter-
mediate crossover. In case of two condenser lenses they usually are 
combined and adjusted by one control only.

The pole pieces of condenser lenses are symmetrical, i.e., the diam-
eters of the axial bores in the upper and lower half of the pole piece 
are identical. In contrast to that the pole piece of the objective lens is 
very asymmetric (1) to limit the magnetic fi eld at the specimen level 
and (2) to house the beam defl ections coils, the adjustable objective 
aperture, and the stigmator (not shown in Figure 3–1). The asymmetric 
objective lens (called the pinhole or conical lens) adapts for the wide 
range of the WD of about 5–30 mm by an adjustable focal length. 
However, working at a large WD inevitably degrades the electron 
optical properties of the objective lens and enlarges the fi nal spot size 
dp. For a detailed description of the electron optical properties of elec-
tromagnetic lenses and defl ection coils the reader is referred to books 
about electron optics (e.g., Glaser, 1952; Grivet, 1972; Klemperer, 1971; 
Reimer, 1998).

All electromagnetic lenses involved in successive demagnifi cation 
suffer from an imperfect rotational symmetry and aberrations, which 
degrade their electron optical performance. The effects of lens aberra-
tions cannot be compensated, however, they can be minimized, which 
is most effective for the fi nal—the objective—lens. Let us consider 
briefl y the three signifi cant effects.

1. Spherical Aberration. The spherical aberra tion constant Cs causes an 
error disc of the diameter (Cosslett, 1972)

 ds = 1/2 Csαp
3 (2.7)

2. Chromatic Aberration. The chromatic aberration caused mainly by 
the energy spread of the electrons from the gun is characterized by 
the constant Cc causes an error disc of the diameter

 dc = Cc ⋅ ∆E/Eo ⋅ αp (2.8)

where ∆E/Eo represents the relative energy spread of the beam 
electrons.

3. Diffraction. The diffraction of electrons on the objective aperture 
results in a further error disc—the Airy disc—of diameter

 df = 0.6λ/αp (2.9)

where λ is the wavelength of the electrons.
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In a fi rst approximation it is possible to superpose the squared diam-
eters of the individual discs to estimate the effective electron probe 
diameter

 dpe
2 = dp

2 + ds
2 + dc

2 + df
2 (2.10)

dp
2 is given by Eq. (2.3) as dp

2 = (4Ip/π2β)αp
−2. More precise, but at the 

same time more complicated relations for the effective probe diameter 
were derived by Barth and Kruit (1996) and Kolarik and Lenc (1997).

Under the conditions normally used in conventional SEM (i.e., Eo = 
10–30 keV) the chromatic aberration as well as the effect of the diffrac-
tion are relatively small compared to the remaining contributions and 
can be neglected (Reimer, 1985). The optimum aperture αopt, which 
allows the smallest effective electron probe diameter dmin, can be 
obtained by the fi rst derivative ∂dpe/∂αp = 0 and is given as

 αopt = (4/3)1/8[(4Ip/π2β)1/2/Cs]1/4 (2.11)

By using the approach mentioned above, i.e., dpe
2 = dp

2 + ds
2, and Eqs. 

(2.3), (2.7), and (2.11), the minimum effective electron probe diameter 
is

 dp,min = (4/3)3/8[(4Ip/π2β)3/2Cs]1/4 (2.12)

It is obvious that dp,min increases as Ip increases or β decreases. Both, Ip 
and β are parameters depending on the performance of the electron 
gun [cf. Eq. (2.3)]. Cs is a parameter characterizing the performance of 
the objective lens and should be as small as possible. As previously 
mentioned, the operation of the SEM at a large WD inevitably degrades 
the electron optical properties of the objective lens, i.e., Cs increases as 
the WD increases. Just to provide a rough idea about values for dp,min 
and αopt at usual electron energies (10–30 keV), a moderate WD and a 
probe current Ip of about 10−11 A, which gives a suffi cient S/N ratio, dp,min 
typically amounts to approximately 10 nm and αopt to 5–10 mrad.

It is also of interest to know the maximum probe current Ip,max under 
these conditions. Using the Eqs. (2.12) and (2.3) one obtains

 Ip,max = 3π2/16 ⋅ β Cs
−2/3 dp,min

8/3 (2.13)

Interestingly, it becomes obvious from Eq. (2.13) that including the 
effect of the spherical aberration, Ip is now proportional to dp

8/3 instead 
of dp

2 as before [cf. Eq. (2.3)].
The electron probe current in a SEM equipped with a thermionic 

gun can be increased several orders of magnitude above 10−11 A as 
required, e.g., for microanalytical studies (cf. Section 6). It is clear from 
the considerations above that an increase in the probe current inevita-
bly increases the probe size. A rough estimate for 30 keV electrons 
shows that an increase of Ip to 10−9 A requires a probe size of about 
60 nm. However, due to the electron–specimen interaction the lateral 
resolution of X-ray microanalysis is limited to about 1 µm for thick 
samples. Therefore, a probe diameter of 100 nm or even several hundred 
nanometers can be tolerated without disadvantage for X-ray micro-
analysis in this case.
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When considering the effective electron probe diameter the chro-
matic aberration of the objective lens could be neglected for energies 
>10 keV. Because dc is inversely proportional to Eo [cf. Eq. (2.8)] there is 
a signifi cant increase for energies below 10 keV, in particular for the 
low-voltage range below 5 keV. For example, for 1 keV electrons the 
diameter of the chromatic error disc increases by a factor of 30 com-
pared to 30 keV! When using a thermionic cathode with a tungsten fi la-
ment and a probe current of about 10−11 A the energy spread is about 
2 eV (cf. Table 3–1) and dc contributes dominantly to the enlargement 
of the probe diameter [cf. Eq. (2.10)]. Therefore, the ther mionic source 
is inappropriate for imaging in the low-voltage range. As we shall see 
in Section 3, fi eld emission guns with a one order of magnitude smaller 
energy spread and about fi ve orders of magnitude larger brightness 
are very well suited for low-voltage SEM (LVSEM).

In the context of the objective lens the existence of a stigmator was 
mentioned, which usually is located near the pole-piece gap. Due to 
imperfect rotational symmetry of the pole-piece bores, magnetic inho-
mogeneities of the pole piece, or some charging effects in the bore or 
at the objective aperture, the magnetic fi eld in the objective lens 
becomes asymmetric. This causes different focal lengths in the sagittal 
and meridional planes, which leads to low image quality degraded by 
astigmatism. The astigmatism can be compensated for by adding a 
cylinder lens adjustable in its strength and azimuth. The effect of a 
cylinder lens is realized by the stigmator consisting of a pair of quad-
rupole lenses.

2.1.3 Detectors and Detection Strategies
Electron detectors specifi cally collect the signals emerging from the 
specimen as a result of electron–specimen interaction. The effi ciency 
of the signal collection depends on the type of the detector, its perfor-
mance, and its detection geometry, i.e., its position related to location 
of the signal emitting area. For an understanding of the recorded 
signals, knowledge of the infl uence of these parameters is critical.

2.1.3.1 Detectors
To detect electrons in SEM three different principles are commonly 
used. One principle is based on the conversion of signal electrons to 
photons by a scintillation material. Then, the photons are converted 
into an electric signal by a photomultiplier, which is proportional to 
the number of electrons impinging on the scintillator. The second 
principle is based on the conversion of electrons to electron hole pairs 
by a semiconductor, which can be separated before recombination 
causing an external charge collection current. This current is propor-
tional to the number of electrons impinging on the semiconductor. 
While the principle of scintillation detection is used for secondary, 
backscattered, and transmitted electrons (in case of thin specimens), 
the semiconductor detector is mostly used for backscattered electrons 
only. Finally, the third principle is based on the electron channel mul-
tiplier tube, which converts the signal electrons by direct impact at its 
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input to secondary electrons and multiplies them inside the tube. The 
output signal is proportional to the number of impinging signal 
electrons.

As we shall see later, Auger electrons (AE) have a characteristic 
energy, which is related to the atomic number of the element involved 
in their generation. For recording of AE in the energy range from 50 eV 
to several keV, spectrometers with a high energy resolution and high 
angular collection effi ciency are needed in combination with the scin-
tillation detection used, e.g., for secondary and backscattered electrons. 
The most widely used spectrometer for AE spectroscopy is the cylin-
drical mirror analyzer. Only those electrons, which pass the energy-
selecting diaphragm of the spectrometer, can impinge on the scintillator, 
thus contributing to the signal.

Besides of electrons the electron–specimen interaction can also 
produce electromagnetic radiation, namely cathodoluminescence (CL) 
and X-rays (cf. Figure 3–2). Cathodoluminescence shows a close analogy 
to optical fl uorescence light microscopy (FLM) where light emission is 
stimulated by irradiation with ultraviolet light (photoluminescence). In 
principle, for the detection of emitted light, which has a wavelength in 
the range of about 0.3–1.2 µm, a photomultiplier is very well suited (see 
above) and therefore most often used. However, the commonly low 
intensity of the CL signal requires, for a suffi cient S/N ratio, a high 
collection effi ciency of the emitted light. Table 3–2 presents the most 
common detector types for SE, BSE, and CL. The detectors for X-rays 
will be described in Section 6 of this chapter.

Scintillation Detector. The scintillation detector for SE—the Everhart–
Thornley (ET) detector (Everhart and Thornley, 1960)—is shown sche-
matically in Figure 3–5. The generated SE are collected by a positively 
biased collector grid, then they pass the grid and are accelerated by 
about 10 kV to the conductive coated scintillator. The scintillation mate-
rial converts electrons to photons, which are guided by a metal-coated 
quartz glass to the photocathode of a photomultiplier where photoelec-
trons are generated and amplifi ed by a factor of about 106. Usually the 
electronic signal at the output of the photomultiplier is further ampli-
fi ed. Several scintillator materials, such as plastic scintillators, lithium-
activated glass, P-47 powder, or YAG and YAP single crystals, are in 
use, which differ in their performance (for details see, e.g., Reimer, 
1985; Autrata, 1990; Autrata and Hejna, 1991; Autrata et al., 1992a,b; 
Schauer and Autrata, 2004).

When the collector grid of the ET detector is negatively biased 
by <−50 V SE are not collected. In this case only the BSE can reach 
the scintillator on almost straight trajectories because of their higher 
energies. The detected fraction of BSE is very low because of the 
small solid angle of collection, i.e., small angular collection effi ciency 
(CE). However, for an effi cient detection of BSE the solid angle of 
collection of BSE detectors is signifi cantly larger by using a larger 
scintillator and at the same time a shorter distance to the specimen. 
The BSE detector does not require the collector grid used for the SE 
(cf. Figure 3–5).
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Semiconductor Detector. The semiconductor detector—often denoted as 
a solid state detector—generates from an impinging electron with the 
energy E a mean number of electron hole pairs given by

 nm = E/Eexm (2.14)

where Eexm = 3.6 eV is the mean energy per excitation in silicon (Wu and 
Wittry, 1974). The electron hole pairs can be separated before recombina-
tion, in this way generating an external charge collection current, which 
is proportional to the number of impinging electrons. Because of the 
energy dependence of nm the BSE with higher energy contribute with a 
larger weight to the signal than the BSE having low energies. The semi-
conductor detector can be used only for the direct detection of BSE 
because impinging SE are absorbed in its thin electrical conductive layer. 
However, a special detector design for accelerating the SE to energies 
above 10 keV also allows for detection of SE (Crewe et al., 1970).

Microchannel Plate Detector. A microchannel plate (MCP) consists of a 
large number of parallel very small electron multiplier tubes (diameter 
about 10–20 µm, length of a few millimeters) covering an area of about 
25 mm in diameter (e.g., Postek and Keery, 1990). Thus this detector is 
thin and, when placed between objective pole piece and specimen, 
enlarges the work distance by only about 3.5 mm. The MCP detector 
system is effi cient at both high and low accelerating voltages, and is 
capable of both secondary electron and backscattered electron detec-
tion. The MCP becomes of increasing interest for studies with low 
currents and in low-voltage scanning electron microscopy (Russel and 
Manusco, 1985). However, as yet the MCP detector is not as common 
as the other detector types described above.

Cathodoluminescence Detectors. In the few cases of strongly luminescent 
specimens a lens or a concave mirror is suffi cient for light collection 
(Judge et al., 1974). As mentioned above, mostly the intensity of the CL 
signal is low, thus a high collection effi ciency of the emitted light is 
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Figure 3–5. Schematic drawing of Everhart–Thornley detector (scintillator–photomultiplier combina-
tion) for recording secondary electrons (SE). BSE, backscattered electrons; PE, primary electrons; PM, 
photomultiplier; hν, energy of photons. [From Reimer (1985); with kind permission of Springer-Verlag 
GmbH, Heidelberg, Germany.]
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indispensable. This requires a solid angle of collection as large as pos-
sible, an optimum transfer of the collected light to a monochromator 
or directly to the photomultiplier, and a photomultiplier with a high 
quantum effi ciency in the spectral range of the CL (Boyde and Reid, 
1983). Commercial CL collector and imaging systems allow for inves-
tigations with a wavelength from less than 200 nm to about 1800 nm in 
the imaging and spectroscopy mode. The following are the most com-
monly used collection systems.

1. Parabolic or elliptic mirrors. The light-emitting area of the speci-
men is located at the focus of the mirror and is formed into a parallel 
beam for a parabolic mirror (Bond et al., 1974) or focused to a slit of a 
spectrometer for an elliptic mirror (e.g., McKinney and Hough, 1977). 
The solid angle of collection is in the order of π sr but SE detection with 
an ET detector is still feasible.

2. Rotational ellipsoidal mirror. The light-emitting area of the speci-
men is located at one focus of the half of the ellipsoid of rotation (Hörl, 
1972). The emitted light is focused to a light pipe or to the focal point 
of an optical microscope objective at the second focal point of the ellip-
soid. Although the ellipsoidal mirror has the largest collection angle, 
the effective collection angle is limited by the acceptance angle of the 
light pipe or the optical microscope objective, respectively, to about 
0.75 π sr. The limitation by the acceptance angle can be avoided by 
placing a parabolic mirror below the second focal point of the ellipsoid 
(Hörl, 1975). Very recently Rau et al. (2004) proposed an ellipsoidal 
confocal system collecting the emitted light, which enables CL microto-
mography in SEM. In principle, the proposed system allows for CL 
studies at high resolution, which is well below the size of the light-
emitting volume.

3. Optical microscope objective. The CL of an optically transparent 
specimen can be studied by an optical microscope objective positioned 
below the specimen. The collection angle of this setup amounts to 
about 1.4 π sr (Ishikawa et al., 1973).

2.1.3.2 Detection Strategies
Generally, the detectors for the various signals can be combined and 
each of them should have an optimum position to make the best use 
of the electron–specimen interaction. The use of electron spectrometers 
for AE, BSE, and SE can provide supplementary information about the 
specimen surface but additional space is needed for a spectrometer. As 
a matter of fact, the space for detectors is limited in particular with a 
short WD or with an in-lens position of the specimen for higher resolu-
tion. Very recently a proposal was made to improve this situation in 
scanning electron microscopes with a new design (Khursheed and 
Osterberg, 2004). The suggested arrangement allows for the effi cient 
collection, detection, and spectral analysis of the scattered electrons on 
a hemispherical surface that is located well away from the rest of the 
SEM column.

A conventional SEM commonly is equipped with an ET detector 
located laterally above the specimen and a BSE detector (for different 
types see Table 3–2) located centrally above the specimen (top posi-
tion). Additional ports at the specimen chamber of the SEM enable 
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additional detectors to be installed. Because of limited space not all of 
the installed detectors may be used simultaneously, however, there are 
retractable detectors (e.g., BSE detectors) available, which can be kept 
in the retracted position when not needed (providing space for another 
detector or allowing for a shorter WD) and can readily be moved into 
working position if required for signal recording. Numerous multide-
tector systems have been proposed for BSE and SE (for review see 
Reimer, 1984a, 1985). In the top position, e.g., two semiannular semi-
conductor detectors (Kimoto et al., 1966; Hejna and Reimer, 1987) allow 
for separation of topographic and material contrast; with a four-
quadrant semiconductor detector (Lebiedzik, 1979; Kaczmarek, 1997; 
Kaczmarek and Domaradzki, 2002) the surface profi le can be recon-
structed and the distinction between elements with different atomic 
numbers is improved. Even a six-segment semiconductor detector is of 
interest (Müllerová et al., 1989).

A combination of two opposite ET detectors, A and B, allows two SE 
signals, SA and SB, to be recorded simultaneously. The difference signal 
SA − SB illustrates the topographic contrast whereas the sum SA + SB 
signal illustrates the material contrast (Volbert and Reimer, 1980; 
Volbert, 1982). The mixing of the analog electronic signals at that time 
was performed by electronic circuitry. After analog signal mixing the 
two original signals were lost. Today, modern SEMs usually record 
digital images, which are stored in a PC. Thus the mixing of images 
(their raw data are stored in a memory) can be performed readily after 
image recording by means of image processing software available from 
numerous software companies.

For high-resolution and LVSEM the work distance should be as short 
as possible (say below 5 mm) because both the focal length and the 
aberrations of the objective lens increase with the WD (see also Sec-
tions 2.1.2 and 3). In contrast to the asymmetric objective lens (large 
focal length) where the region above the specimen is a magnetic fi eld 
free space, the specimen is immersed in the fi eld of the objective lens 
with a short focal length. In this case the specimen is very close to the 
lower objective pole piece or is placed directly inside the pole-piece gap 
[as in a transmission electron microscope (TEM); see Chapters 1, 2, 6, 
and 7]. For the latter lens type—the specimen has an “in-lens” position 
and is limited in size to a few millimeter only—the collection of SE 
takes advantage of the fact that they can spiral upward in the magnetic 
fi eld of the objective lens due to their axial velocity component. The SE 
have to be defl ected off the axis to be recorded by an ET detector 
located laterally above the lens (cf. Figure 3–6).

The separation of the downward moving beam electrons and the 
upward moving secondary electrons can be done most effi ciently by 
an E × B system, which employs crossed electric and magnetic fi elds. 
The forces of these fi elds compensate each other for the beam electrons, 
but add for the opposite moving secondary electrons. This magnetic 
“through-the-lens” detection (for review see Kruit, 1991) of SE has 
several advantages: (1) SE are separated from BSE, which do not reach 
the detector because their higher kinetic energy causes different tra-
jectories; (2) very high collection effi ciency for real SE emerging from 
the specimen and a suppression of SE created on the walls of the 
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Figure 3–6. Schematic drawing of the magnetic “through-the-lens” detection 
of secondary electrons (SE) for the “in-lens” position of the specimen. B, mag-
netic fi eld lines, ETD, Everhart–Thornley detector. [From Reimer (1993); with 
kind permission of the International Society of Optical Engineering (SPIE), 
Bellingham, WA.]

system by BSE; (3) improved collection effi ciency from inside a porous 
specimen (in particular cavities or holes facing the electron beam) 
(Lukianov et al., 1972); and (4) loss of directionality in the image 
because the SE are detected irrespective of the direction of emission 
(in contrast to the lateral position of the ET detector; cf. Figure 3–7a). 
However, a combination of two opposite ET detectors to illustrate the 
topographic or material contrast has not been tried as yet.

It seems worth mentioning that a real “through-the-lens” detection 
system was incorporated in one of the early SEMs (Zworykin et al., 
1942). The magnetic “through-the-lens” detection of SE was established 
by Koike et al. (1970) using a TEM with scanning attachment. Finally, 
magnetic “through-the-lens” detection can be combined with any elec-
tron spectrometer as done in SE and Auger spectroscopy (for review 
see Kruit, 1991).

Another type of “in-lens” detection of SE and BSE is used in the 
electrostatic detector objective lens (Zach and Rose, 1988a,b; Zach, 
1989). The detector is of the annular type and possesses a high collec-
tion effi ciency of SE of about 75%. Replacing the annular detector by a 
combination of two semiannular detectors A and B (Figure 3–8) could 
be used to illustrate the topographic or material contrast, respectively 
(Reimer, 1993). Similarly, “in-lens” annular type detection of SE and BSE 
is also used in combined magnetic-electrostatic objective lenses (Frosien 
et al., 1989), known under the trade name of “Gemini lens.” Both types 
of lens are advantageous for low-voltage SEM (see Section 3.2) because 
they provide excellent image resolution at low electron energies.
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2.1.4 Specimen Stages and Attached Equipment
A conventional SEM is equipped with a specimen stage. The stage com-
monly can be loaded with the specimen via a specimen-exchange 
chamber without breaking the high vacuum in the specimen chamber. 

–10 –5 mm 0 +5 +10

B

5 kV

4 eV

1 eV

9 eV

7.5 kV

0.5 kV

Specimen

A

Figure 3–8. Schematic drawing of the “in-lens” detection of secondary elec-
trons (SE) with the electrostatic detector–objective lens (Zach and Rose, 
1988a,b; Zach, 1989). [From Reimer (1993); with kind permission of the Inter-
national Society of Optical Engineering (SPIE), Bellingham, WA.]

Figure 3–7. Secondary (a) and backscattered electron (b) micrograph of a 1-mm steel ball. The arrow 
in (b) indicates the direction of the backscattered electron (negatively biased ETD) and the secondary 
electron detector.
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The stage allows X, Y, Z movements, rotation around 360°, and tilting 
(the tilting range depends on the type of the stage, e.g., −15° to +75°) 
of the specimen. The movements, rotation, and tilt are usually motor-
ized in modern scanning electron microscopes. The specimen stage is 
eucentric if the observation point does not vary during tilting and rota-
tion, however, some stages have this property only for tilting (semieu-
centric specimen stage) or do not have it (goniometric specimen stage). 
If the specimen stage is eucentric or semieucentric, the WD and there-
fore the magnifi cation do not change during X, Y movement or move-
ment along the tilt axis, respectively. Usually, the specimen is at ground 
potential (0 V), however, the wiring allows also the recording of the 
specimen current or absorbed current. It is obvious that the higher 
the electron optical performance of the SEM the better the quality of 
the specimen stage in terms of mechanical and thermal stability.

The manufacturers of SEMs as well as small companies supplying 
special attachments offer optionally specimen stages for specifi c inves-
tigations. For example, there are commercial hot stages available for in 
situ surface investigations at elevated temperatures. Depending on the 
type of heating device, it is possible to reach specimen temperatures 
up to about 1370 K with a maximum heating rate of about 200 K/min. 
A hot specimen stage in an environmental scanning electron micro-
scope (see Section 4) is, among other things, very useful in studying 
the surface modifi cations caused by chemical reactions due to the 
exposure of samples to gases. For specifi c in situ heating experiments, 
e.g., local heating with rapid thermal loads, irradiation heating by a 
high-power laser coupled to an SEM can be used (see, e.g., Menzel 
et al., 1992; Wetzig and Schulze, 1995).

Mainly for investigations of organic materials and, in particular, of 
biological specimens, cold stages are of great interest for low tempera-
ture studies. At low temperature the electron beam damage of the 
sample due to electron–specimen interaction is smaller than at room 
temperature (see, e.g., Craven et al., 1978; Isaacson, 1977, 1979a; Reimer 
and Schmidt, 1985; Egerton et al., 2004) and specimens can be investi-
gated in the frozen-hydrated stage (see, e.g., Bastachy et al., 1988; Read 
and Jeffree, 1990; Walther et al., 1990). However, cold stages are also of 
signifi cant interest for materials science to investigate the low tempera-
ture behavior of materials such as changes in mechanical properties or 
variations in electrical conductivity. In most cases liquid nitrogen or 
liquid helium is used as the cooling medium. In particular the tempera-
ture range around 4 K and below down to about 1.5 K allows for the 
investigation of typical low temperature phenomena such as supercon-
ductivity and low temperature devices used in cryoelectronics. Fur-
thermore, experiments can be performed in which the temperature 
range of liquid He is required by the measuring principle, e.g., the bal-
listic phonon signal represents an example. Here the small specimen 
volume locally heated by the electron beam acts as a source of phonons, 
which propagate ballistically (i.e., without scattering) to the opposite 
side of the crystal where the photon detector is located. Both, the speci-
men and the detector have to be kept in the temperature range of liquid 
He. The SEM at very low temperatures was reviewed by Huebener 
(1988).
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Further, deformation stages are used in materials science to study 
static and dynamic specimen deformation-related phenomena in situ 
(e.g., Wetzig and Schulze, 1995). In more detail, different types of 
sample deformation such as tension and compression, unidirectional 
bending, bending fatique, materials machining (e.g., study of the 
microscopic mechanisms of abrasive wear), and microhardness testing 
can be performed with a microhardness tester mounted on the stages 
in the SEM specimen chamber. This allows for very precise positioning 
of the indentations generated with a very low force and their subse-
quent viewing/measuring. In combination with a surface displacement 
transducer for the detection of acoustic emission signals, the quantita-
tive acoustic emission due to crack coalescence can be measured 
(Lawson, 1995). There are also stages in different laboratories that 
combine, e.g., deformation and heating capabilities.

With high-precision stages based on laser interferometer technology, 
a new fi eld of ap-plications is opened up in the area of SEM/
FIB-based e-beam lithography, metrology, and semiconductor failure 
analysis. The fi ne positioning of the stage is made with piezoelements, 
which, according to the manufacturer’s specifi cation, allow a position-
ing reproducibility of better than 50 nm.

To obtain ultralow magnifi cation SEM images an SEM equipped with 
a motor drive specimen stage fully controlled with a personal computer 
(PC) has been utilized (Oho and Miyamoto, 2004). This motor drive 
stage works as a mechani cal scanning device. To produce ultralow 
magnifi cation SEM images, a combination of the mechanical scanning, 
electronic scanning, and digital image processing techniques is used. 
This is a time-saving method for ultralow magnifi cation and wide-area 
observation.

The stage in the SEM specimen chamber can integrate not only tools 
such as a microhardness tester but also other types of high-resolution 
microscopes, e.g., a scanning tunneling (Gerber et al., 1986; Stemmer 
et al., 1994; Troyon et al., 1992), scanning force (Joachimsthaler et al., 
2003), or scanning near-fi eld optical microscope (Heiderhoff et al., 
2000), thus combining two different microscopic techniques with their 
specifi c advantages in one hybrid microscope.

As mentioned in the previous section, the specimen in “in-lens” 
SEMs must be small because it has to be placed in the gap of the objec-
tive lens. This requires specimen stages and holders almost identical 
to the ones used in TEM (side-entry sample exchange system). The 
specimen is mounted in a specimen holder, which commonly allows 
for tilting the specimen around one axis by ±30° or ±40°. Optionally, 
there are, for example, double-tilt specimen holders with two tilt axes 
as well as hot and cold/cryoholders available. The specimen hold ers 
also normally allow the use of support grids 3 mm in diameter, which 
is of interest for studies in transmission mode.

2.1.5 Special Topics
2.1.5.1 Digital Image Recording
As mentioned briefl y in Section 2.1.3.1, the SEM generates analog elec-
tronic image signals. In older SEMs the electron beam must be scanned 
incessantly across the surface area of interest while viewing the image 
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on the monitor. The information obtained by each scan is just used 
to refresh the image on the monitor unless the image is recorded 
photographically. The electron irradiation dose of each scan accumu-
lates to a high total dose. Because radiation damaging as well as beam-
induced contamination scale with the total electron dose applied, irra-
diation-sensitive materials in particular are possibly already damaged 
during the visual inspection, i.e., before recording an image of the 
viewed area.

Modern SEMs allow recording of multichannel (e.g., SE and BSE) 
digital images, which are stored pixel by pixel (pixel: picture element) 
in a PC. Digital images usually have a square size of 512 × 512, 1024 × 
1024 pixels or larger (Postek and Vladár, 1996), however, rectangular 
image formats are also in use, e.g., 3000 × 2000 pixels. For each 
pixel the analog signal arriving from the detector is integrated during 
the pixel time. The value obtained represents the pixel intensity, 
which is digitized by an analog-to-digital-converter (ADC) usually 
into a range of 10 or 12 bits. In practice, a suffi cient lateral and signal 
resolution can be obtained with 1024 × 1024 pixels and 10 bits, res-
pectively, which requires a storage capacity over 107 bits, i.e., 2 MB. 
Twice the number of pixels in the X and Y direction requires a 4-fold 
storage capacity, i.e., 8 MB. A modern PC presently has roughly 200 GB 
mass storage on the harddisk, which corresponds to about 105 images 
of 2 MB or 2.5 × 104 images of 8 MB, respectively. The fast processors 
presently used in PCs allow the display of an 8-MB image within mil-
liseconds. For fi nal storage, the digital images can be transferred 
from the PC via fast data transfer to external mass storage devices 
or big computers. However, access to images stored in an external 
mass storage device is slower than for direct access to the harddisk of 
the PC.

2.1.5.2 Specimen Tilting and Stereo Imaging
Specimen stages allow the sample to be tilted, which is of interest for 
several special applications such as stereo imaging, reconstruction of 
the topography, three-dimensional morphometry, and possibly con-
trast enhancement. In case of a fl at object aligned normal to the beam, 
i.e., the title angle Θ amount to 0°, there is no distortion of the projected 
shape of structures. For example, circular holes in a fl at specimen 
appear circular in the image (Figure 3–9a). After tilting the fl at object 
(the tilt axis has a horizontal direction in the micrograph) two effects 
become obvious in the image (especially visible at high tilt angles, e.g., 
Θ = 45°) (Figure 3–9b): (1) the circular holes have an elliptic shape with 
an axis ratio of approximately 0.7, i.e., the shape is distorted, and (2) 
the upper and lower rim of the upper and lower hole appears unsharp 
whereas the rim of the central hole appears sharp.

The fi rst effect is caused by the fact that due to the tilt the scanned 
range on the specimen surface perpendicular to the tilt axis is enlarged 
by a factor 1/cos Θ (Figure 3–9e). That corresponds to a reduced 
magnifi cation

 M′ = M cos Θ (2.15)
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Figure 3–9. Effect of tilt compensation and dynamic focusing in the SEM. Secondary electron micro-
graphs of the holes in a fl at aluminum specimen. (a) Tilt angle Θ = 0°. (b) Tilting Θ = 45° around the 
horizontal axis (the focus of the beam is located in the center of the micrograph). (c) Tilt compensation 
is “ON.” (d) Tilt compensation and dynamic focusing are “ON.” The visible wall of the bore of the 
holes proves that the specimen is still tilted. (e) Schematic illustration of the effects caused by tilting 
the sample. The position of the optimum focus plane, the depth of focus D, and the height range ∆z 
(∆z > D) are shown for a constant focus of the beam (solid lines). In that case, only a central region 
along the tilt axis is within the depth of focus (i.e., sharp image) whereas the lower and the upper 
range are outside D (unsharp region of the image). In case of the dynamic focus, three positions of 
the beam (dashed lines) are drawn indicating that the whole scan range will be in focus, thus being 
imaged sharply.



160 R. Reichelt

in the direction of the short axis whereas along the tilt axis the magni-
fi cation M is not affected. The effect can be fully compensated by enlarg-
ing the reduced magnifi cation by 1/cos Θ, which restores the magnifi cation 
M (Figure 3–9c and e). The tilt compensation can be performed directly 
by electronic means (hardware; the unit is called “tilt compensation”) 
during scanning or posterior by digital image processing on condition 
that the directions of the tilt axis and the tilt angle are known.

The second effect is caused by the fact that due to the tilt the height 
range of the tilted specimen extends the depth of focus, thus the image 
is not sharp in regions outside the depth of focus. This effect can be 
compensated by “dynamic focusing” (Yew, 1971), i.e., by adjusting the 
strength of the objective lens as a function of the scan position perpen-
dicular to the tilt axis. This adjustment brings the optimum focus 
position in coincidence with the surface at all working distances in the 
scanned range (Figure 3–9d and e). Both effects mentioned can be 
compensated completely only for planar specimens and a known tilt 
angle.

The SEM forms in imaging mode a two-dimensional image of a 
three-dimensional specimen with each of the signals generated by 
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electron–specimen interaction (cf. Figure 3–2). Although these images 
contain a wealth of information about the specimen, there is no solid 
information about the third dimension, which is parallel to the optical 
axis. Stereo imaging is one possibility to obtain information about the 
third dimension. It takes advantage of the fact that depth perception 
is obtained when viewing an object from two separate directions. In 
an SEM stereo imaging is performed by taking two images—the stereo 
pair—at two different tilt angles of the specimen. A good stereo effect 
is obtained when the angles differ form each other by about 6°. A sig-
nifi cantly larger  difference in Θ overemphasizes the stereo effect 
whereas a smaller difference in Θ shows a softened stereo effect. 
Usually, a stereo pair is viewed through a stereo viewer. A simple 
version of a stereo viewer consists of two short focal lenses on a stand 
at the correct distance from the stereo pair. There are more sophisti-
cated versions with lens–mirror combinations, which allow for a larger 
fi eld of view. For each type of viewer it is mandatory to place and to 
align both images precisely to obtain correct depth perception. Figure 
3–10 shows a stereo pair of SEM micrographs.

A further method for viewing the stereo images is the anaglyph 
technique (Judge, 1950), which can now readily be performed by PC 
(cf. Figure 3–56). In this technique both images are superimposed in 

Figure 3–10. Stereopair of a radiolarian with radiating threadlike pseudopodia and a siliceous skeleton 
re-corded in SE mode at 15 keV. The specimen was sputter coated with gold for suffi cient electrical conduc-
tivity. The difference in tilt angles of the micrographs amounts to (Θr − Θ1) = 6°. (The stereopair was kindly 
provided by Rudolf Göcke, Institut für Medizinische Physik und Biophysik, Münster, Germany.)
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different colors. A red–green stereo anaglyph coding can be obtained 
readily by commercial software, e.g., AnalySIS Pro 3.1 [Soft Image 
System (SIS), Münster, Germany]. This allows for a quick and simple 
qualitative assessment. Usually, red is used for the “left eye” and green 
for the “right eye” image. The mixed colored image has to be viewed 
by colored glasses using red for the left and green for the right eye. 
However, the stereo pair can also be used to calculate the height dif-
ference ∆h between two image points 1 and 2 by measuring the paral-
lax px given as

 px = (x2
1 − x1

1) − (x2
r − x1

r) (2.16)

and

 ∆h = px/2M sin(Θr − Θ1) (2.17)

where (x2
1 − x1

1) corresponds to the distance between the two points in 
the left and (x2

r − x1
r) to the distance between the two points in the 

right image. Θr and Θ1 correspond to the tilt angle of the specimen used 
for the right and left image, respectively. Equation (2.17) holds for 
magnifi cations M > 100, i.e., in case of parallel projection. The success-
ful application of the latter two formulas requires (1) distinct surface 
structures to measure px with suffi cient accuracy, and (2) the magnifi ca-
tion and the tilt angle must be known exactly. On the basis of the 
relations (2.16) and (2.17) and data analysis software [e.g., AnalySIS Pro 
3.1 (SIS, Münster, Germany), 3-D Morphometry in SEM (ComServ, 
Salzburg, Austria), and MeX (Alicona Imaging GmbH, Grambach, 
Austria)] quantitative dimensional and angular measurements, the 
reconstruction of the specimen topography and three-dimensional 
morphometry can be achieved. The latter is very useful to analyze 
microstructures such as blood capillaries, which have diameters in the 
range of a few micro meters (Malkusch et al., 1995; Minnich et al., 1999, 
2003). Using the image pair imported for anaglyph generation, a point 
of reference has to be selected in one of the images that would also be 
clearly visible in the second image. The software (e.g., AnalySIS Pro 
3.1, see above) uses this reference point to defi ne a small region and 
then uses correlation to accurately align the images. Once aligned, the 
parallax difference allowed generation of a new 8-bit grayscale image 
in which depth differences are encoded as different gray values. Quan-
titative measurements, e.g., the volume of depressions, can be per-
formed using an SIS Macro (macroinstruction, i.e., application of a 

module.

2.1.5.3 Magnifi cation Calibration

exact measurements have to be made (e.g., see Section 2.1.5.2), the 
magnifi cation should be verifi ed using an external standard. Cali-

The actual magnifi cation of the SEM is indicated numerically and by 

brated gratings with known spacings are commercially available 
from different suppliers of electron microscopy accessories (e.g., 

specifi c programming language), based on the SIS-Stereo imaging 

a scale bar on the monitor with a precision of about ±3%. However, if 

Agar Scientific, http://www.agarscientific.com). For a magnification 
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range up to about 100,000× crossed gratings with spacings of 1200 and 
2160 lines/mm (cf. Figure 3–11) are recommended.

Latex spheres of defi ned diameter (different diameters in the range 
from about 0.1 to 1 µm are commercially available) can also be used. 
However, the size of the latex spheres varies to some extent (e.g., small 
diameter, 0.112 µm; standard deviation, 10−3 µm; large diameter, 
1.036 µm; standard deviation, 16.1 × 10−3 µm). Moreover, the latex spheres 
are sensitive to electron radiation, thus their size may change caused 
by electron dose-induced damages. To calibrate the magnifi cation 
range above 100,000× negatively stained catalase (periodic lattice spac-
ings: 8.75 and 6.85 nm) can be used as standard (preferentially in the 
STEM mode).

2.2 Electron–Specimen Interaction and Signal Generation

As the beam electrons enter the specimen, they interact with the atoms 
of the specimen. This interaction either results in elastic or inelastic 
scattering of the impinging electrons.

The elastic scattering of the electron is caused by its interaction with 
the electrical fi eld of the positively charged nucleus and results only 
in a defl ection of the beam electron, i.e., after the scattering event the 
electron trajectory has a different direction than before scattering. 
There is almost no loss of kinetic energy of the electron scattered elasti-
cally. For scanning electron microscopy it is necessary to know the 
elastic electron scattering through large angles between 0° and 180°. 
The scattering can be described quantitatively by the scattering cross 
section σ. The exact elastic scattering cross sections for large-angle 

Figure 3–11. SE micrographs of a commercial cross-grating replica with 2160 lines/mm at low (a) and 
medium magnifi cation (b).
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scattering are the Mott cross sections σM,el, which, in contrast to Ruth-
erford scattering, consider the electron spin and spin-orbit coupling 
during scattering (for details see, e.g., Reimer and Krefting, 1976; Rez, 
1984; Reimer, 1985). The easy to calculate unscreened differential Ruth-
erford cross section dσR,el/dΩ are given as (Reimer, 1985)

 dσR,el/dΩ = e4Z2/[4(4πε0)2m2v4sin4(ϕ/2)] (2.18)

where dΩ is the cone of the solid angle, e is the electric charge (e = 1.602 
× 10−19 C) and m the mass of the electron, v is the velocity of the electron, 
Z is the atomic number, ε0 is the dielectric constant (ε0 = 8.85 × 10−12 C/
Vm), and ϕ is the scattering angle. The comparison of the differential 
Mott cross sections dσM,el/dΩ (Reimer and Lödding, 1984) with the 
unscreened differential Rutherford cross sections dσR,el/dΩ for electron 
energies between 1 and 100 keV shows that there are strong deviations 
of the Rutherford cross section, particularly for high Z. Mott cross sec-
tions for electron energies below 1 keV (energy range 20 eV to 20 keV) 
were calculated by Czyzewski et al. (1990; see also http://web.utk.
edu/~srcutk/Mott/mott.htm). There is very reasonable agreement 
between both cross sections for low atomic numbers and electron ener-
gies above 5 keV. However, for low Z and energies below 5 keV, the 
Rutherford cross sections are larger than the Mott cross sections for 
scattering angles below 70°–80° and are smaller than the Mott cross 
sections for scattering angles above 70°–80°. The probability for elastic 
scattering is approximately proportional to Z2 and inversely propor-
tional to E2 (with E = mv2/2), i.e., the scattering cross section strongly 
increases with the atomic number and decreases for increasing elec-
tron energy E. The total elastic scattering cross section σel can be 
obtained by integration

 σ π σ ϕ ϕ
π

el d d d= ∫2
0

( / )sinel Ω  (2.19)

σel can be used to calculate the mean free path for elastic scattering Λel, 
i.e., the free path between two consecutive elastic scattering events in 
a specimen consisting of many atoms, which is given as

 Λel = 1/Nσel (2.20)

N represents the number of atoms per unit volume and can be calcu-
lated simply by

 N = NAρ/A (2.21)

where ρ is the density, NA is Avogadro’s number (NA = 6.0221 × 
1023 mol−1), and A is the atomic weight (g/mol). Much more detailed 
data of elastic electron scattering cross sections were recently pub-
lished (Jablonski et al., 2003).

As we shall see later, the mean free path is an important quantity 
for describing plural (mean number of collisions <25) and multiple 
electron scattering (mean number of collisions >25 ± 5).

The inelastic scattering of the electron is caused by its interaction with 
the electrical fi eld of the electrons in the solid, i.e., either with the elec-
trons in the valence or conduction band and with atomic electrons of 
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inner shells, respectively. After an inelastic scattering event the electron 
trajectory has a slightly different direction than before scattering (typi-
cally the inelastic scattering angles are of the order of a few milliradians 
only) and less kinetic energy. If the lost energy was transferred to elec-
trons in the valence or conduction band then the excitation of plasmons 
(a plasmon is a longitudinal charge-density wave of the valence or con-
duction electrons) or inter- and intraband transitions may occur. Both 
the energy of plasmons and the energy differences of inter- and intra-
band transitions are in the order of about 5–50 eV. The physics of the 
latter processes is reviewed by Raether (1980). If the lost energy was 
transferred to atomic electrons of inner shells then, for example, K-, L-, 
or M-shell ionization may occur. In this case the energy loss typically is 
higher than 50 eV. The differential inelastic electron scattering cross 
section with a free electron (which is an approximation for an electron 
in the valence or conduction band) is given (Reimer, 1985) as

 dσin/dW = πe4/[(4πε0)2EW2] (2.22)

where W is the energy loss. The equation shows that the differential 
inelastic scattering cross section is inversely proportional to electron 
energy E and to W2 and that small energy losses occur with a larger 
probability. In a more complex approach for the differential inelastic 
scattering cross section the energy loss function Im(−1/ε) is used taking 
the dielectric properties of the material into account (e.g., Powell, 1984). 
An impinging electron can be inelastically scattered passing the atom 
even in a distance of a few nanometers, thus the inelastic scattering is 
delocalized to a certain extent (Isaacson and Langmore, 1974; Zeitler, 
1978; Reichelt and Engel, 1986; Müller and Silcox, 1994, 1995).

In the case of inner shell excitation the electron interaction is local-
ized to an electron shell. The corresponding inelastic scattering, also 
called ionization cross section, is the probability of bringing a scatter-
ing atom to a given excited state through an inelastic process. The 
related cross sections are typically at least two orders of magnitude 
smaller than those for the electrons in the valence or conduction band. 
Calculations of the ionization cross sections of the K-, L-, and M-shell 
have been published (see, e.g., Leapman et al., 1980; Inokuti and 
Manson, 1984; Egerton, 1986).

The total inelastic scattering cross section σin can be obtained by 
integration

 σ π σ ϕ ϕ
π

in d d d= ∫2
0

( / )sinin Ω  (2.23)

The mean free path for inelastic scattering Λin is given analogous to Eq. 
(2.20) as

 Λin = 1/Nσin (2.24)

(for detailed data and calculation of the electron inelastic mean free 
path see Powell and Jablonski, 2000).

The total scattering cross section then is given as

 σ = σel + σin (2.25)
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In bulk specimens multiple scattering of the impinging electrons 
takes place. Mainly the multiple elastic scattering causes a successive 
broadening of their angular distribution and can, after numerous scat-
tering events, result in beam electrons leaving the specimen. The beam 
electrons, which leave the specimen, are designated as backscattered 
electrons and carry an important class of information about the local 
specimen volume through which they have been passing. Multiple 
inelastic scattering along the electron trajectories results in a slowing 
down and the beam electron can come to a standstill if it cannot leave 
the specimen as BSE. The majority of beam electrons are scattered both 
elastically as well as inelastically. Therefore, the majority of BSE have 
energies smaller than E0 (cf. Figure 3–12). The broadening of the angular 
distribution can be calculated analytically using the autoconvolution 
of the single scattering distribution expanded in terms of Legendre 
polynomials (Goudsmit and Saunderson, 1940).

Another method to treat multiple scattering is the simulation of the 
successive scattering events by Monte Carlo calculations for about 
103–105 electron trajectories (cf. Figure 3–13; for Monte Carlo simula-
tions of electron scattering see, e.g., Reimer and Krefting, 1976; Kyser, 
1984; Reimer and Stelter, 1986; Joy, 1987b; Reimer, 1968, 1996; Drouin 
et al., 1997; Hovington et al., 1997a,b).

In this method, the most important scattering parameters, such as 
scattering angle, mean free electron path, and energy loss, are simu-
lated for each individual scattering event along the trajectory by a 
computer using random numbers and probability functions of the scat-
tering parameters. The energy loss along the trajectory can be described 
by the Bethe continuous-slowing-down approximation (Bethe, 1930)

 dE/ds[eV/cm] = −7.8 × 1010 (Zρ/AE)ln(1.166 E/J) (2.26)

nel
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E

Figure 3–12. Schematic energy distribution of electrons emitted from a surface as a result of its bom-
bardment with fast electrons with energy E0. AE, Auger electrons; BSE, backscattered electrons; SE, 
secondary electrons; EAE, energy of AE; ne1, energy-dependent number of emitted electrons.
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Figure 3–13. Monte Carlo simulation of the trajectories of 100 electrons for carbon (atomic number Z = 6) 
and gold (Z = 79) for electron energies E0 = 30, 5, and 1 keV. For simulation of the electron trajectories the 
Monte Carlo program MOCASIM (Reimer, 1996) was used. Note the different scales across three orders 
of magnitude indicated by bars and the variation of the shape of the local volume where electron scatter-
ing takes place. That local volume is usually denominated as the excitation volume.
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where ρ is the density (g/cm3), E the electron energy (eV), and J the 
mean ionization potential (Berger and Seltzer, 1964) given by

 J[eV] = 9.76Z + 58.8Z−0.19 (2.27)

The limitations of the Bethe expression at low electron energy can be 
overcome by using an energy-dependent value J* for the mean ioniza-
tion potential (Joy and Luo, 1989)

 J* = J/(1 + kJ/E) (2.28)

where k varies between 0.77 (carbon) and 0.85 (gold). The total travel-
ing distance of a beam electron in the specimen—the Bethe range 
RB—can be obtained by integration over the energy range from E0 to 
a small threshold energy and extrapolation to E = 0.

The practical electron range R (cf. Figure 3–14) obtained by fi tting 
experimental data of specimens with different Z over a wide energy 
range is given by the power law

 R = aE0
n (2.29)

where n is in the range of about 1.3–1.7 and the parameter a depends 
on the material (Reimer, 1985). Characteristic values for R, σel, σin, Λel, 
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Figure 3–14. Schematic illustration of the generation of secondary electrons 
SE1 and SE2, backscattered electrons BSE1 and BSE2, Auger electrons AE, 
cathodoluminescence CL, and X-rays in a bulky specimen. tSE and tBSE indicate 
the escape depth for SE and BSE, respectively. R is the electron range.
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Table 3–3. Characteristic values for R, sel, sin, Lel, and Lin.a

Element Parameter E0 = 1 keV E0 = 5 keV E0 = 10 keV E0 = 30 keV

Carbon sel (nm2) ¥ 102 0.65 0.11  0.055  0.018

Z = 6 sin (nm2) ¥ 102 1.95 0.33  0.165  0.054

 Lel (nm) 1.5 9.0 18 55

 Lin (nm) 0.5 3.0  6 18

 R (mm) 0.033 0.49  1.55  9.7

Copper sel (nm2) ¥ 10  1.84 0.64  0.37  0.15

Z = 29 sin (nm2) ¥ 102 1.10 0.38  0.22  0.09

 Lel (nm) 0.64 1.8  3.2  7.8

 Lin (nm) 1.07 3.0  5.3 13

 R (mm) 0.007 0.11  0.35  2.26

Gold sel (nm2) ¥ 102 3.93 1.6  1.05  0.52

Z = 79 sin (nm2) ¥ 102 0.79 0.32  0.21  0.10

 Lel (nm) 0.43 1.0  1.6  3.3

 Lin (nm) 2.15 5.0  8.0 16.5

 R (mm) 0.003 0.05  0.17  1.0
a  Values are listed for four different electron energies between 1 and 30 keV and three elements having a low (C), 

medium (Cu), and high atomic number (Au), respectively. For calculation, the following densities were used: C, 
ρ = 2 g cm−3; Cu, ρ = 8.9 g cm−3; Au, ρ = 19.3 g cm−3.

and Ιin are shown in Table 3–3. It shows that independent on the elec-
tron energy the electron range for carbon is about one order of magni-
tude larger than for gold. The decrease of the electron energy from 30 
to 1 keV, i.e., a factor of 30, reduces the electron range by a signifi cantly 
higher factor of roughly 300.

The mean free path lengths indicate after which traveling distance 
on average elastic and inelastic collisions will occur. For example, in a 
thin organic specimen having a thickness of 50–100 nm only a few col-
lisions on average will take place with 30-keV electrons but about seven 
times more with 5-keV electrons. Specimens, which have thicknesses 
of about t ≤ 10[ΛelΛin/(Λel + Λin)] can also be imaged in the transmission 
mode (cf. Figures 3–1 and 3–2) using unscattered, elastically or inelasti-
cally scattered electrons, respectively. The angular and energy distri-
bution of the scattered electrons can be calculated by Monte Carlo 
simulations if the elemental composition and the density of the speci-
men are known (Reichelt and Engel, 1984; Krzyzanek et al., 2003).

The inelastic electron scattering events in the specimen cause second-
ary electrons, Auger electrons, cathodoluminescence, and X-rays, which 
carry a wealth of local information about the topography, the electronic 
structure, and the composition of the specimen. The signals, resulting 
from inelastic electron scattering, can also be calculated by Monte Carlo 
simulations.

2.2.1 Secondary Electrons
The energy spectrum of the electrons emitted from a specimen irradi-
ated with fast electrons consists of secondary electrons, backscattered 

2
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electrons, and Auger electrons (cf. Figure 3–12). The SE show a peak at 
low energies with a most probable energy of 2–5 eV. By defi nition the 
maximum energy of SE amounts 50 eV. Secondary electrons are gener-
ated by inelastic scattering of the beam electrons along their trajectories 
within the specimen (Figure 3–14). The physics of secondary electron 
emission is reviewed by Kollath (1956) and Dekker (1958) but is beyond 
the scope of this chapter. Due to the low energy of the SE only those SE 
are observable that are generated within the escape depth from the 
surface. The actual escape depth of SE for pure elements varies with 
their atomic number (Kanaya and Ono, 1984). A general rule for their 
escape depth is tSE = 5 ΛSE (Seiler, 1967), where ΛSE is the mean free path 
of the SE. tSE amounts to about 5 nm for metals and up to about 75 nm for 
insulators (Seiler, 1984). The angular distribution of SE follows Lam-
bert’s Law, i.e., is a cos ζ distribution, where ζ represents the SE emission 
angle relative to the surface normal (Jonker, 1957; Oppel and Jahrreiss, 
1972). The angular distribution of the SE is not important for the image 
contrast in SEM because the extraction fi eld of the ET detector normally 
collects the emitted SE. The situation, however, is different in case of 
magnetic “through-the-lens” detection where no electric extraction fi eld 
is applied (cf. Figure 3–6).

Figure 3–15 shows schematically the SE yield δ versus the energy of 
the beam electrons, which is the number of SE produced by one beam 
electron. δ increases with E0, reaches its maximum δm at E0,m, and then 
decreases with further increasing E0. Typical values for metals are 
0.35 ≤ δm ≤ 1.6 and 100 eV ≤ E0,m ≤ 800 eV and for insulators 1.0 ≤ δm ≤ 
10 and 300 eV ≤ E0,m ≤ 2000 eV (Seiler, 1984). For E0 >> E0,m δ is propor-
tional to E0

−0.8 (Drescher et al., 1970), which indicates that δ is signifi -
cantly smaller at 30 than at 5 keV. Both parameters, δm at E0,m depend 
on the ionization energy of the surface atoms (Ono and Kanaya, 1979). 
Figure 3–16 shows the SE yield δ versus the energy E0 for the element 
copper.

There is no monotonic relation between δ and the atomic number as 
shown in Figure 3–17. However, published data of δ scatter which 
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Figure 3–15. Schematic representation of the SE yield δ vs. the energy E0 of 
beam electrons.
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indicates that the specimen surface conditions and the quality of the 
vacuum can signifi cantly affect the secondary yield (cf. “Data Base on 
Elector-Solid Interactions” by Joy, 2001).

Secondary electrons generated by the incident beam electrons are 
designated SE1 (Drescher et al., 1970). The SE1 carry local information 
about the small cylindrical volume that is given approximately by the 
cross section of the beam (π/4)dpe

2 and the escape depth tSE. For a beam 
diameter about ≤1 nm the SE1 deliver high-resolution information. 
Those beam electrons, which are multiply scattered and emerge from 
the specimen as BSE, also generate secondary electrons within the 
escape depth. These secondary electrons are designated SE2 (Drescher 
et al., 1970). Their origin is far from the point of incidence of the beam 
caused by the spatial distribution of BSE. Changes of the amount of 
SE2 correlate with corresponding changes of BSE, thus SE2 carry infor-
mation about the volume from which the BSE originate. The size of the 
volume depends on the electron range R and is much larger than the 
excitation volume of the SE1 for electron energies E0 > 1 keV (cf. Figure 
3–14 and Table 3–3); thus SE2 deliver low-resolution information. The 
SE yield δ consists of the contributions of SE1 and SE2 given as

 δ = δSE1 + ηδSE2 (2.30)

where η is the BSE coeffi cient and δSE2 the SE2 yield, i.e., the number 
of SE2 generated per BSE. For E0,m < E0 < 5 kV the ratio δSE2/δSE1 amounts 
to about 4 and for E0 ≥ 10 kV about 2 (Seiler, 1967). For an increasing 
angle of incidence θ, this ratio decreases (Seiler, 1968).

The SE yield increases with increasing angle of incidence θ according 
to 

 δ(θ) = δ0/cos θ;  δ0 = δ(θ = 0) (2.31)

(Figure 3–18). This relation is valid for a specimen with a mean atomic 
number, for E0 ≥ 5 keV, and θ up to a few degrees below 90°. The 
increase of δ with θ is greater for specimens with a low atomic number 

For crystalline objects, the increase of δ with θ is superimposed by 
electron channeling and crystalline orientation contrast (see Section 
2.3). The distinct dependence of the SE yield on θ provides the basis 
for the topographic contrast in secondary electron micrographs.

2.2.2 Backscattered Electrons
The majority of BSE is due to multiple scattering of the beam electrons 
within the specimen (Figure 3–14). The energy spectrum of the back-
scattered electrons is shown schematically in Figure 3–12. By defi nition 
the energy of BSE is in the range 50 eV < EBSE ≤ E0. The BSE spectrum 
has a small peak consisting of elastically scattered electrons at E0 (this 
peak is not visible in Figure 3–12). Toward energies lower than E0 there 
is a broad peak, which covers the range down to about 0.7E0 for high 
atomic numbers and further down to about 0.4E0 for low atomic 
numbers. The majority of BSE are within this broad peak. For high 
atomic number elements such as gold, the maximum of the distinct 
peak is at about 0.9E0, whereas for low atomic numbers, e.g., carbon, 
the maximum of the less distinct peak is located at about (0.5–0.6)E0. 

and smaller for samples with high Z (Reimer and Pfefferkorn, 1977). 
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The cumulative fraction of 50% of BSE is reached for carbon at EBSE/E0 
= 0.55 and for gold at 0.84, respectively (Goldstein et al., 2003). It seems 
worth mentioning that the energy distribution of BSE is shifted toward 
higher energy if the angle of incident electrons is larger than 70° (Wells, 
1974).

As shown in Figure 3–14, the BSE can originate either from the small 
area directly irradiated by the electron beam—they are denoted as 
BSE1—or after multiple elastic and inelastic scattering events from a 
signifi cantly larger circular area around the beam impact point, which 
are designated BSE2. The lateral distribution of BSE2 has been calcu-
lated by Monte Carlo simulation for different materials (see, e.g., 
Murata, 1974, 1984). It shows that the BSE-emitting surface area 
increases with electron energy E0. For a given energy E0 the size of the 
BSE-emitting area increases with descending atomic number. As with 
SE1, the BSE1 carry local information about the small volume and 
deliver high-resolution information for a beam diameter of about 
≤1 nm. As a consequence of lateral spreading the BSE2 carry informa-
tion about a much larger region, thus fi ne structural details on the scale 
of the beam diameter cannot be resolved.

Figure 3–14 also shows that the beam electrons travel in a small 
subsurface volume before they return to the surface to escape as BSE2. 
The escape depth of BSE is much larger than tSE and depends on—in 
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Figure 3–18. Normalized SE yield δ* and BSE yield η* versus the angle of 
incidence θ of the electron beam. δ* = δ(θ)/δ0, η* = η(θ)/η0. η was calculated 
for gold and copper according to Eq. (2.34).
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contrast to tSE—the electron energy E0. Experimental data for different 
materials show that tBSE amounts to about half of the electron range R 
(Drescher et al., 1970; Seiler, 1976).

Knowledge of the angular distribution of BSE is of great importance 
for understanding and optimization of BSE detection geometry. For 
normal beam incidence the angular distribution can be approximated 
by a cos ζ distribution (Drescher et al., 1970), where ζ represents the 
BSE emission angle relative to the surface normal. Due to the fact that 
the emitted BSE move on nearly straight trajectories, the angular detec-
tor position has a strong infl uence on the collection effi ciency of the 
detector. For nonnormal beam incidence the distribution is asymmetric 
and a refl ection-like emission maximum is observed. The angular dis-
tribution consists for large angles of incidence θ of cosine distribution 
approximately directed to −θ and a superimposed fraction at smaller 
emission angles (Drescher et al., 1970).

The BSE coeffi cient η is defi ned by

 η = nBSE/nb (2.32)

where nBSE is the number of BSE and nb is the number of incident elec-
trons. η is approximately independent of the electron energy E0 in the 
range of about 10–30 keV. For low atomic numbers and beam energies 
below 5 keV η increases as E0 decreases, whereas for medium and high 
atomic numbers η decreases with E0 (cf. Figure 3–16) (Reimer and 
Tollkamp, 1980). However, at low energies η depends in a complex 
manner on the atomic number (Heinrich, 1966; cf. “Data Base on 
Electron-Solid Interactions” by Joy, 2001).

The BSE coeffi cient monotonically increases with the atomic number 
as shown for 30 keV in Figure 3–17. Because of the approximate inde-
pendence of the electron energy E0, the graph of the BSE coeffi cient is 
valid for beam energy ranging from 30 down to about 5 keV. The graph 
of η versus Z can be approximated by a polynomial (Reuter, 1972)

 η(Z) = 0.0254 + 0.016 Z − 1.86 × 10−4 Z2 + 8.31 × 10−7 Z3 (2.33)

For energies below 5 keV the dependence of η on Z is more complicated 
(for details see Hunger and Kuchler, 1979; Joy, 1991; Zadrazil et al., 
1997). The distinct dependence of the BSE coeffi cient on the atomic 
number Z provides the basis for the atomic number contrast (see 
Section 2.3).

Like the SE yield, the backscattering coeffi cient also increases 
monotonically with increasing angle of incidence θ according to (Arnal 
et al., 1969)

 η θ θ( ) ( cos ) /= + −1 9 Z  (2.34)

Figure 3–18 shows the graphs η(θ) versus θ for Cu (Z = 29) and Au 
(Z = 79). The graphs indicate the strong infl uence of the atomic number, 
in particular for θ > 50°. The monotonic increase of η with θ provides 
the basis for the topographic contrast in BSE micrographs. For the sake 
of completeness it should be mentioned that Drescher et al. (1970) 
derived from experimental data at 25 keV an analytical expression for 
η(θ, Z) other than the one given by Eq. (2.34).
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The backscattering coeffi cient of a single crystal depends sensitively 
on the direction of the incident electrons related to the crystal lattice 
(Reimer et al., 1971; Seiler, 1976). This dependence is caused by the 
regular three-dimensional arrangement of the atoms in the lattice, 
whose atomic density depends on the direction. The backscattering 
coeffi cient is lower along directions of low atomic density, which 
permits a fraction of the incident electrons to penetrate deeper than in 
amorphous material before being scattered. Those electrons have a 
reduced probability of returning to the specimen surface and leaving 
the sample as BSE. The maximum relative variation of the backscatter-
ing coeffi cient is in the order of 5%.

2.2.3 Transmitted Electrons
When the thickness of a specimen approaches the electron range R or 
becomes even smaller than R, an increasing fraction of beam electrons 
is transmitted. Those transmitted electrons interact with the support, 
thus generating non-specimen-specifi c signals, which superimpose the 
specimen-specifi c signals. The spurious contribution of the support to 
the signal, originating from the specimen, can be reduced signifi cantly 
by replacing the solid support by a very thin (about 5–15 nm thick) 
amorphous carbon fi lm. Such thin carbon fi lms supported by a 
metallic mesh grid are commonly used in TEM and STEM as electron-
transparent support for thin specimens. To improve the stability of the 
5-nm-thick carbon fi lm, the fi lm is placed onto a holey thick carbon 
fi lm supported by a mesh grid. In contrast to a solid support, a 5-nm-
thick carbon fi lm contributes only insignifi cantly to the SE and BSE 
signal (cf. Figure 3–19), thus particles deposited onto a thin support 
fi lm can be imaged in the normal manner using SE and BSE, 
respectively.

In addition to the reduction of spurious signal, the transparent 
support fi lm enables use to be made of the transmitted electrons, which 
carry information about the interior of the specimen (in some SEM the 
specimen stage must be altered to make the transmitted electrons 
accessible). As a result of electron–specimen interaction the transmit-
ted electrons can be unscattered or elastically or inelastically scattered 
(cf. Figure 3–2). Due to their characteristic angular and energy distri-
bution, the transmitted electrons can be separated by placing suitable 
detectors (preferentially combined with an electron spectrometer) 
below the specimen. Frequently, a rather simple and inexpensive device 
for observing an STEM image (Oho et al., 1986)—sometimes called 
“poor man’s STEM in SEM detector”—is used. The transmitted elec-
trons are passing through an angle-limiting aperture, strike a tilted 
gold-coated surface, and thus create a high SE and BSE signal, which 
can then be collected by a conventional ET detector. The angle-limiting 
aperture cuts off the transmitted, scattered electrons. In this case the 
“poor man’s STEM in SEM detector” acquires those electrons, which 
represent the bright-fi eld signal. The “poor man’s STEM in SEM detec-
tor” just cuts the transmitted scattered electrons without making use 
of their inherent information. Both the elastically and the inelastically 
scattered electrons are signals, which very sensitively depend on the 
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mass thickness ρt if the specimen thickness t ≤ [ΛelΛin/(Λel + Λin)] 
(Reichelt and Engel, 1984, 1985) (Figure 3–20) can be used, e.g., for mass 
determination of biomolecules and assemblies thereof (Zeitler and 
Bahr, 1962; Lamvik, 1977; Engel, 1978; Wall, 1979; Feja et al., 1997). 
Although most of the mass determination studies were made with 
dedicated STEM, high-resolution FESEM equipped with an effi cient 

Figure 3–19. SE and annular dark-fi eld micrographs showing a particle on an ∼4-nm-thick amorphous 
carbon fi lm (CF) attached to a holey carbon fi lm of ∼20 nm in thickness (HF), which is supported by 
a Cu mesh grid (G). (a) SE micrograph recorded with a probe current of about 30 pA at 30 kV. A very 
low probe current of ∼3 pA (pixeltime: 23 µs. i.e., ∼430 incident electrons/pixel) was used for simultane-
ously recording the SE micrograph (b) and the dark-fi eld micrograph with scattered transmitted elec-
trons (annular dark-fi eld mode) (c). The image intensity and the signal-to-noise ratio in (c) is much 
higher than the intensity in (b) because the number of SE (almost only SE1 are generated) is signifi -
cantly smaller than the number of the collected transmitted scattered electrons. No usable BSE signal 
can be detected from the thick and thin carbon fi lms. The scale bar corresponds to 20 µm.
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Figure 3–20. Fraction of transmitted electrons scattered into an angular range 
of 25–300 mrad for carbon (ρ = 2 g cm−3; solid line) and protein (ρ = 1.35 g cm−3; 
dashed line). Parameters: E0 = 30 keV, αp = 10 mrad. The graphs show an 
increasing fraction of scattered and a decreasing fraction of unscattered elec-
trons with increasing thickness. (Calculation according to Krzyzanek and 
Reichelt, 2003.)
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annular dark-fi eld detector capable of single-electron counting 
and MHz counting rates would allow for such quantitative studies 
(Reichelt et al., 1988; Krzyzanek and Reichelt, 2003; Krzyzanek et al., 
2004).

Another important application of STEM imaging is the measure-
ment of the physical probe size of the SEM using a thin carbon fi lm 
(thickness below 10 nm, preferably containing nanoparticles of gold 
or gold-palladium for better contrast). In this case the broadening 
of the electron beam in the fi lm is negligible and so the resolution 
of the STEM image is equal to the probe diameter. The image resolu-
tion can be determined either by analysis of the diffractogram 
(power spectrum) of the STEM micrograph (Frank et al., 1970; 
Reimer, 1985; Joy, 2002) or by cross-correlation function analysis 
(Frank, 1980) of the phase noise in the bright-fi eld STEM image of 
the carbon fi lm. The latter directly yields the probe diameter of the 
SEM (Joy, 2002).

Combining the SE and BSE detectors above as well as the bright-fi eld 
and dark-fi eld detectors below the specimen, its surface as well as its 
internal structure can be observed simultaneously in the SEM.

2.2.4 Cathodoluminescence
Cathodoluminescence (CL) is the emission of light generated by the 
electron bombardment of semiconductors and insulators (Muir and 
Grant, 1974; cf. Figure 3–14). Those materials have an electronic band 
structure characterized by a fi lled valence band and an empty conduc-
tion band separated by an energy gap ∆ECV = EC − EV. Electrons from the 
valence band can interact inelastically with a beam electron and can be 
excited to an unoccupied state in the conduction band. The excess 
energy of the excited electron will be lost by a cascade of nonradiative 
phonon and electron excitations. Most of the recombination processes of 
excited electrons with holes in the valence band are nonradiative pro-
cesses, which elevate the sample temperature. There are different radia-
tive processes, which take place in inorganic materials, semiconductors, 
and organic molecules.

In inorganic materials intrinsic and extrinsic transitions can take 
place. The intrinsic emission is due to direct recombination of electron 
hole pairs. Extrinsic emission is caused by the recombination of trapped 
electrons and holes at the donor and acceptor level, respectively. The 
trapping increases the probability of recombination. The extrinsically 
emitted photons have a lower energy than intrinsically emitted 
photons.

In semiconductors the radiative recombination can be due to the 
direct collision of an electron with a hole with the emission of a phonon. 
Depending on the nature of the band structure of the material, the 
recombination can be either direct or indirect. In the latter case the 
recombination must occur by simultaneous emission of a photon. 
Indirect recombination is less likely than direct recombination. If 
the material contains impurities, the process of recombination via 
impurity level becomes important. The modifi cation of CL effi ciency 
as a function of the purity and the perfection of the material is the 
most important aspect of the use of this method in scanning electron 
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microscopy. It is because of such modifi cations that a contrast is 
generated (for details see, e.g., Holt and Yacobi, 1989; Yacobi, 1990). 
It was shown in some cases that the sensitivity of CL analyses can be 
at least 104 times higher than that obtainable by X-ray microanalysis, 
i.e., an impurity concentration as low as 1014 cm−3 (Holt and Saba, 
1985).

In organic materials the excitation is inside an individual molecule. 
Electrons go from a ground state to a singlet state at least two states 
above. Then the deexcitation to the ground state is radiationless up to 
the singlet state directly above the ground level and from this state the 
deexcitation can be either radiationless or radiative with decay times 
larger than 10−7 s (fl uorescence). The CL spectra depend on the chemical 
structure of the molecule (DeMets et al., 1974; DeMets, 1975). Cathodo-
luminescence of organic matter also can be caused by selective staining 
with luminescent molecules (fl uorochromes). Typical fl uorochromes 
are, e.g., fl uoresceine, fl uoresceine isothiocyanate (FITC), and acridine 
orange.

Independent on the material the light generated by CL inside the 
specimen has to pass the surface according to the Snell law (Bröcker 
et al., 1977). The critical angle θt of total internal refl ection is given as

 sin θt = n1/n (2.35)

where n1 = 1 (vacuum) and n is the refractive index of the specimen 
(1 < n < 5). As shown by Eq. (2.35) the fraction of emitted light is signifi -
cantly reduced by total internal refl ection for n > 2 (semiconductors).

2.2.5 X-Rays
The X-ray spectrum is considered to be that part of the electromagnetic 
spectrum that covers the wavelengths λX from approximately 0.01 to 
10 nm. The energy of X-rays is given as

 EX = hν = hc/λX (2.36)

where h = 6.6256 × 10−34 Js is Planck’s constant, c = 2.99793 × 108 m/s is 
the speed of light, and ν is the frequency of X-rays. The X-rays are 
generated by deceleration of electrons (X-ray continuum or brems-
strahlung) or by electron transition from a fi lled higher state to a 
vacancy in a lower electron shell (characteristic X-ray lines) (Figure 
3–21).

The X-ray continuum is made up of a continuous distribution of 
intensity as a function of energy whereas the characteristic spectrum 
represents a series of peaks of variable intensity at discrete element-
specifi c energies. As the electron energy increases the intensity of the 
continuous spectrum also increases and the maximum of the distribu-
tion is shifted toward higher energies. The general appearance of the 
continuous spectrum is independent of the atomic number of the speci-
men, however, the absolute intensity values are dependent on the 
atomic number. The maximum possible energy EX is given by the elec-
tron energy E0, which corresponds to instantaneous stopping of an 
electron at a single collision (Duane-Hunt limit). According to Kramers 
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(1923) the intensity of the continuous spectrum Ic emitted in an energy 
interval with the width dEX is given as

 IC(EX)dEX = kZ(E0 − EX)/EX ⋅ dEX (2.37)

k represents the Kramers constant, which varies slightly with the 
atomic number (Reimer, 1985). A detailed treatment of the continuous 
X-ray emission is given by Stephenson (1957).

The characteristic X-ray spectrum consisting of peaks at discrete 
energies is superimposed on the continuous X-ray spectrum (cf. Figure 
3–21). Their positions are independent of the energy of the incident 
electrons. The peaks occur only if the corresponding atomic energy 
level is excited. The generation of characteristic X-rays consists of three 
different steps. First, a beam electron interacts with an inner shell 
electron of an atom and ejects this inner shell electron leaving that 
atom in an excited state, i.e., with a vacancy on the electron shell. 
Second, subsequently the excited atom relaxes to the ground state by 
transition of an electron from an outer to an inner shell vacancy. The 
energy difference ∆Ech between the involved shells is characteristic for 
the atomic number. Third, this element-specifi c energy difference is 
expressed either by the emission of an electron of an outer shell with 
a characteristic energy (Auger electron) or by the emission of a char-
acteristic X-ray with energy EX = ∆Ech. The fraction of characteristic X-
rays emitted when an electron transition occurs is given by the 
fl uorescence yield ω. This quantity increases with the atomic number 
and depends on the inner electron shell involved (Figure 3–22). The 
complement, 1 − ω represents the Auger electron yield, which gives the 
corresponding fraction of Auger electrons produced. The fl uorescence 
yield for the different shells and subshells can be calculated (for details 
see Bambynek et al., 1972).
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Figure 3–21. Schematic representation of the X-ray spectrum emitted from a 
specimen bombarded with fast electrons.
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Moseley studied the line spectra in detail and found that the general 
appearance of the X-ray spectrum is the same for all elements. The 
energy of a characteristic X-ray line depends on the atomic shells 
involved in the transition resulting in the emission of this line. The X-
ray lines can be classifi ed in series according to the shell where the 
ionization took place, e.g., K-, L-, M-shell, etc. The quantum energies of 
a series are given by Moseley’s law

 EX = A(Z − B)2 (2.38)

where A and B are parameters that depend on the series to which the 
line belongs. The characteristic X-ray energy Ex is denoted by symbols 
that identify the transition that produced it. The fi rst letter, e.g., K, L, 
identifi es the original excited level, whereas the second letter, e.g., α, 
β, designates the type of transition occurring. For example, Kα denotes 
the excitation energy between the K- and L-shell, whereas Kβ denotes 
the excitation energy between the K- and M-shell. Transitions between 
subshells are designated by a number, e.g., a transition from the sub-
shell LIII to K is denoted as Kα1 and from the subshell LII to K is denoted 
as Kα2, respectively. The transition from the subshell LI to K is forbid-
den. The characteristic X-ray energies and X-ray atomic energy levels 
for the K-, L-, and M-shells are listed in tables (Bearden, 1967a,b). For-
tunately, the atomic energy levels are not strongly infl uenced by the 
type and strength of the chemical bonds. However, chemical effects on 
X-ray emission are observed for transitions from the valence electron 
states, which are involved in chemical bonds. In such cases the narrow 
lines show changes of their shape and their position (energy shift 
<1 eV) as well (Baun, 1969).
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Figure 3–22. Dependence of the X-ray fl uorescence yield ω and its comple-
ment (1 − ω) of the K-, L-, and M-shell from the atomic number. The comple-
ment (1 − ω) corresponds to the Auger electron yield.
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2.2.6 Auger Electrons
As mentioned in Section 2.2.5, when an excited atom relaxes to the 
ground state by transition of an electron from an outer to an inner shell 
the energy difference ∆Ech between the involved shells can be expressed 
by the emission of an electron of an outer shell with a characteristic 
energy EAE. The emission is due to the Auger effect (Burhop, 1952; 
Åberg and Howart, 1982) and the emitted electron is designated as an 
Auger electron (AE). Its energy EAE is given by

 EAE = ∆Ech − Eionr (2.39)

where the term Eionr contains the ionization energy of the AE emitting 
outer shell and also considers relaxation effects. The shape and the 
position of the AE peaks are infl uenced by the type and strength of 
the chemical bonds (Madden, 1981). The AE peaks have an energy 
width of a few electronvolts and are superimposed on the low-energy 
range of the BSE spectrum up to energies of about 2.5 keV (Figure 3–12). 
The identifi cation of the AE peaks on the BSE background (Bishop, 
1984) can be improved by differentiation of the electron energy 
spectrum.

The Auger electrons are generated within the excitation volume 
(Figure 3–14). Due to their low energies only AE with a short pathway 
to the specimen surface can escape. However, energy losses caused by 
inelastic scattering on the pathway to the surface remove AE from the 
AE peaks. The decrease of the AE peak is proportional to exp(−x/ΛAE), 
where x denotes the length of the path inside the specimen and ΛAE 
the mean free path of the AE. Depending on their energy and the 
atomic number of the specimen the mean free path ΛAE can have values 
in the range of about 0.4 nm to a few nanometers (Palmberg, 1973; Seah 
and Dench, 1979). If AEs are inelastically scattered on their path to the 
surface, then they cannot be identifi ed as an AE in the BSE background. 
Therefore, only atoms within a depth of about ΛAE can contribute to 
the AE peaks. Since Auger electrons yield information on element 
concentrations very near the surface, the specimen must be in an ultra-
high vacuum environment and special sample preparations are 
required (e.g., ion sputtering in situ, cleavage in situ) to obtain clean 
surfaces.

Because the AE yield of the K-shell 1 − ωK is much larger than ωK for 
light elements (cf. Figure 3–22) AE spectroscopy is advantageous for 
elements with atomic number Z = 4(ωK = 4.5 × 10−4) up to Z ∼ 30(ωK = 
4.8 × 10−1) (Bauer and Telieps, 1988). Similar to SE, which are also 
emitted only from a very thin surface layer, the AE can be generated 
directly by the beam electrons and by BSE within a larger circular 
area around the beam impact point (cf. Figure 3–14). Like the SE 
yield, which increases with increasing angle of incidence θ according 
to δ(θ) = δ0/cos θ [cf. Eq. (2.31)], the integral AE peak intensity is 
proportional to 1/cos θ (Bishop and Riviere, 1969; Kirschner, 1976; 
Reimer, 1985).

Recent developments in scanning Auger microscopy and AE spec-
troscopy are described by Jacka (2001).
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2.2.7 Others
The incident electron beam bombards the specimen with electrons 
thereby introducing a negative electric charge. A certain amount of 
negative electric charge is leaving the specimen as secondary (ISE), 
backscattered (IBSE) and Auger electrons (IAE). To avoid an accumulation 
of charges a specimen current Isp must fl ow from the specimen to the 
ground. The conservation equation for the electric charge is

 Ip = ISE + IBSE + IAE + Isp (2.40)

where Ip is the probe current. The specimen current changes the sign 
when ISE + IBSE + IAE > Ip. Because ISE + IBSE >> IAE this means basically 
that δ + η > 1 (cf. Figure 3–16). Isp depends on the angle of beam inci-
dence θ and the electron energy E0 as expected from δ(θ, E0) and η(θ, 
E0) (Reimer, 1985). The resolution of specimen current images is com-
parable to that of BSE images. One advantage of the specimen current 
mode is that the contrast is independent on the detector position. A 
critical review of this mode was published by Newbury (1976).

The electron–specimen interaction also generates acoustic waves. The 
frequencies of these waves depend on the imaging conditions of the 
SEM and the specimen studied. They cover a range from low sound up 
to very high ultrasound frequencies. The electron acoustic mode, usually 
denoted as scanning electron acoustic micro scopy (SEAM), was intro-
duced by Brandis and Rosencwaig (1980) and Cargill (1980). SEAM uses 
a periodic beam modulation or short electron beam pulses that allow for 
analysis of the SEAM frequency response (Balk and Kultscher, 1984; 
Balk, 1986; Kultscher and Balk, 1986). The SEAM was reviewed by Balk 
(1989) and applications of this method in semiconductor research 
(Balk, 1989) and for the investigation of magnetic structures were 
shown (Balk et al., 1984).

2.3 Contrast Formation and Resolution

Since the image formation is due to the image signal fl uctuation ∆S 
from one point to another point, the contrast C is designated as in 
television to be

 C = (S − Sav)/S = ∆S/S (2.41)

Sav is the average value of the signal and S represents the signal of the 
considered point (S > Sav, i.e., C is always positive). The signal fl uctua-
tion may be caused by local differences in the specimen topography, 
composition, lattice orientation, surface potential, magnetic or electric 
domains, and electrical conductivity. The minimum contrast is obtained 
if S = Sav, whereas the maximum contrast is obtained for Ssv = 0. This 
is the case, e.g., when the signal S from a feature is surrounded by a 
background with Sav = 0. The contrast will be visible if C exceeds the 
threshold value of about 5 × 10−2.

According to the point-resolution criterion two image points sepa-
rated by some horizontal distance (i.e., within the x–y plane perpen-
dicular to the optical axis) are resolved when the minimum intensity 
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between them is 75% or less of the maximum intensity. The point reso-
lution therefore corresponds to the minimum distance of two object 
points, those superimposed image intensity distributions drop to 75% 
of their maximum intensity between them. Due to the inherent noise 
of each signal of the SEM characterized by its signal-to-noise ratio 
(SNR) the drop to 75% of the maximum intensity will not be reliably 
defi ned at the minimum distance. Consequently, at low SNR two image 
points can be resolved only if their distance is larger than the minimum 
distance reliably defi ned for noiseless signals.

As opposed to the light or transmission electron microscope the 
resolution of the SEM cannot be defi ned by Rayleigh’s criterion. The 
resolution obtained in the SEM image depends in a complex manner 
on the electron beam diameter, the electron energy, the electron–
specimen interaction, the selected signal, the detection, as well as the 
electronic amplifi cation and electronic processing. An object “point” 
corresponds to the size of a small local excitation volume (cf. Figures 
3–13 and 3–14) designated as the spatial detection limit from which a 
suffi cient signal can be obtained. Obviously, the point resolution cannot 
be less than the spatial detection limit. It becomes clear from Figure 
3–14 that the spatial resolution of an SEM is different for each signal 
since the size of the signal emitting volume as well as the signal inten-
sity depends on the type of signal selected.

The important “quality parameters” such as spatial resolution, astig-
matism, and SNR of SEM images, as well as drift and other instabilities 
that occur during imaging, can be determined most reliably and objec-
tively by Fourier analysis of the recorded micrographs (Frank et al., 
1970; Reimer, 1985). Recently, a program SMART (Scanning Micro-
scope Analysis and Resolution Testing) became freely available, which 
allows the SEM resolution and the imaging performance to be mea-
sured in an automated manner (Joy, 2002). It should be mentioned in 
the context of resolution that the ultimate resolution of an SEM speci-
fi ed by the manufacturers is determined by imaging a test sample (gold 
or gold–palladium-coated substrate with a low atomic number). 
However, such samples are quite atypical compared to those usually 
investigated, thus the resolution determined in this way is not properly 
representative of the routine performance of the SEM. At present, con-
ventional SEMs using a heated tungsten or lanthanum hexaboride 
emitter as the electron source have a specifi ed resolution in the range 
of 3–5 nm at an acceleration voltage of 30 kV.

2.3.1 Topographic Contrast
Presumably the SEM is most frequently used to visualize the topo-
graphy of three-dimensional objects. The specimen topography gives 
rise to a marked topographic contrast obtained in secondary and back-
scattered images. This contrast has a complex origin and is formed in 
SE images by the following mechanisms:

1. Dependence of the SE yield δ on the angle of incidence θ of the 
electron beam at the local surface element [cf. Eq. (2.31)]. The tilt angle 
of the local surface elements is given by the topography of the sample.
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2. Dependence of the detected signal on the angular orientation of 
the local surface element related to the ET detector (see Section 2.1.3). 
SE generated “behind” local elevations, in holes, in fi ssures, or in cavi-
ties reach the ET detector incomplete. This causes a more or less pro-
nounced shadow contrast (cf. Figure 3–7a).

3. Increase of the SE signal when diffusely scattered electrons pass 
through an increased surface area. This is the case at edges or at pro-
truding surface features, which are smaller than the excitation volume. 
Electron diffusion leads to overbrightening of edges and small surface 
protrusions in the micrograph and is known as an edge effect.

4. Charging artifacts with objects of low electric conductivity.

Contributions (1) to (3) are illustrated by SE micrographs of different 
specimens shown in Figures 3–23a and 3–24a as well as schematically 
by profi les of the topography and the related SE signals in Figure 3–25. 
In these fi gures the direction to the ET detector is indicated. The ball 
in Figure 3–23a shows a contrast, which is mainly due to the varying 
angle θ of beam incidence across the ball [cf. (1) above] and the angular 
orientation of the local surface elements related to the ETD [cf. (2) 
above]. The collection effi ciency of the ETD is signifi cantly higher for 
surface elements facing the detector than for those on the back (shadow 
region). Whereas the intensity of emitted secondary electrons of the 
ball reveals radial symmetry, the effect of detection geometry causes 
the nonradial symmetric image intensity distribution of the ball (cf. 
Figure 3–25a–c). The rim of the ball is bright in the SE image because 
of the enhanced SE emission due to an incidence angle θ ≈ 90° and the 
effect of diffusely scattered electrons passing through an increased 
surface area [cf. (3) above]. The radius of the ball is larger than the 
electron range R (cf. Figure 3–14) therefore the latter effect occurs just 
near the rim of the ball. If the mean radius of ball-like particles becomes 
comparable or smaller than the electron range, diffusely scattered elec-
trons generate more SE over the whole particle surface, thus the SE 
emission typically is distinctly enhanced (small particles are marked 
by small arrowheads in Figures 3–23a and 3–24a). If the shadow con-
trast is visible in the image and the direction toward the ETD is known 
then elevations and depressions clearly can be readily identifi ed (cf. 
Figure 3–23a). Another way to distinguish elevations and depressions 
is to record and to analyze SE stereopairs.

The SE micrograph of large crystal-like particles (Figure 3–24a) basi-
cally shows the same contrast mechanisms as discussed above but with 
a more complex structured sample than the ball. The individual fl at 
surface planes of the crystal-like particles occur with almost constant 
brightness because of the constant angle of beam incidence and the 
constant detection geometry (provided that there is no shadow effect 
from other large particles). Some surface planes possess fi ssures of 
different size, which typically appear rather dark because just a minor 
fraction of the generated SE can escape from inside the fi ssures. In such 
cases SE can be extracted either by a positively biased grid in front of 
the specimen (Hindermann and Davis, 1974) or by a superimposed 
magnetic fi eld in which the SE follow spiral trajectories around the 
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Figure 3–23. Secondary (a) and backscattered electron micro graphs (b–d) of a steel ball recorded at 
30 kV and normal beam incidence. The arrow in (a) indicates the direction of the laterally located ET 
detector. The BSE micrographs shown in (c and d) were acquired using a four-quadrant semiconductor 
detector mounted below the objective pole piece, which records BSE over a large solid angle. The steel 
ball is mounted on carbon (marked by C), which is supported by aluminum (marked by Al). The small 
arrowheads in (a) indicate small particles with enhanced SE emission (bright blobs in the SE image). 
Elevations (E) and depressions (D) are also marked by small arrowheads.
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Figure 3–24. Secondary (a) and backscattered electron micrographs (b and c) of 10-nm gold-coated 
crystal-like tartar (tartar contains mostly potassium–hydrogen–tartrate and calcium–tartrate) recorded 
at 30 kV and normal beam incidence. The arrow in (a) indicates the direction of the laterally located ET 
detector. The BSE micrograph shown in (c) was acquired using a four-quadrant semiconductor detector 
mounted below the objective pole piece, which records BSE over a large solid angle. The small arrowheads 
in (a) indicate small particles with enhanced SE emission (bright blobs in the SE image).
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Figure 3–25. Schematic specimen surface profi le of an assumed topography having elementally 
shaped elevations and a depression (a). Those elemental shapes are present in the samples shown in 
Figures 3–23 and 3–24. The size of the excitation volume of the electron beam is drawn in relation to 
the local topographic structures. The amount nSE of locally emitted SE is shown qualitatively in (b) 
and the corresponding SE signal SSE in (c). The BSE signal SBSE collected by the negatively biased ET 
detector is schematically presented by the graph in (d). ETD, Everhart–Thornley detector.
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lines of magnetic fl ux until they reach the collecting fi eld of the ETD 
(Lukianov et al., 1972).

It should be mentioned that the laterally located ETD also register 
those BSE, which are within the small solid angle of collection defi ned 
by the scintillator area and the specimen–scintillator distance. The BSE 
contribute in the order of 10–20% to the SE signal (Reimer, 1985) and 
are the same as those collected by the negatively biased ET detector. 
Furthermore, BSE that are not intercepted by the detector strike the 
pole piece of the objective lens and the walls of the specimen chamber. 
These stray BSE generate so-called SE3 emitted from the interior sur-
faces of the specimen chamber. The SE3 carry BSE information and 
form a signifi cant fraction of the SE signal for specimens with an inter-
mediate and high atomic number (Peters, 1984).

The contrast in BSE images is formed by the following 
mechanisms:

1. Dependence of the BSE coeffi cient η on the angle of incidence θ 
of the electron beam at the local surface element [cf. Eq. (2.34)].

2. Dependence of the detected signal on the angular orientation of 
the local surface element related to the BSE detector (see Section 2.1.3). 
BSE emitted “behind” local elevations, in holes, or in cavities, which do 
not reach the BSE detector on nearly straight trajectories, are not 
acquired. This causes a pronounced shadow contrast (cf. Figure 3–7b).

3. Increase of the BSE signal when diffusely scattered electrons pass 
through an increased surface area. This is the case at edges or at pro-
truding surface features, which are smaller than the excitation 
volume.

The BSE leave the specimen on almost straight trajectories and only 
those within the solid angle of collection of the BSE detector can be 
recorded. Thus, dedicated BSE detectors have a large solid angle of 
collection to record a signifi cant fraction of the BSE and to generate a 
signal with a suffi cient SNR. The larger the solid angle of collection the 
less pronounced the shadow effects.

Contributions (1) to (3) mentioned above are illustrated by BSE 
micrographs from two specimens used for SE imaging and are shown 
in Figures 3–23b and c and 3–24b and c as well as schematically by 
profi les of the topography and the related BSE signals in Figure 3–25. 
Two different types of BSE images are shown: the highly directional 
image recorded with the negatively biased ETD (Figures 3–23b and 3–
24b) and the “top-view” image recorded with the four-quadrant semi-
conductor detector mounted below the objective pole piece (Figures 
3–23c and 3–24c). The ball in Figure 3–23b shows a contrast, which is 
mainly due to the varying angle θ of beam incidence across the ball 
[cf. (1) above] and the angular position of the local surface elements 
related to the negatively biased ETD [cf. (2) above]. A pronounced 
sharp shadow occurs at the back of the ball and behind the ball (shad-
owed oblong area of the support). Whereas the intensity of the BSE of 
the ball reveals radial symmetry, the effect of detection geometry 
causes the nonradial symmetric image intensity distribution of the ball 
(cf. Figure 3–25a and d). The fade contour of the ball at its back is due 
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to BSE redirected toward the negatively biased ETD by scattering on 
some interior surfaces of the specimen chamber. The pronounced 
directional shadow contrast in the image allows for unambiguous 
identifi cation of elevations and depressions (cf. Figure 3–23b). More-
over, if the detection geometry of the BSE is known, the length of the 
shadow can be used in some cases to obtain a rough estimate of the 
height of elevations or depth of depressions.

The BSE micrograph of the ball recorded with the four-quadrant semi-
conductor detector (Figure 3–23c) shows an almost radial symmetric 
image intensity distribution. It is obvious that the increase of the BSE 
coeffi cient η with the increasing angle of incidence θ (see Figure 3–18) 
toward the rim of the ball is superimposed by the stronger counteracting 
effect of the directed asymmetric distribution, for a large θ refl ection-
like angular distribution of BSE for nonnormal beam incidence (cf. 
Section 2.2.2). The shadow-like hem along the contour of the elevations 
refl ects the fact that BSE emitted from the lower surrounding areas 
toward elevations can be absorbed or redirected; thus those BSE do not 
reach the BSE detector. In case of depressions there is also a shadow-like 
hem but it is located inside the contour of the depression. A comparison 
of the different types of BSE images in Figure 3–23b and c clearly shows 
that the topography of the sample is pronounced in Figure 3–23b while—
as we shall see later—the atomic number contrast is pronounced in 
Figure 3–23c.

The BSE micrographs of large crystal-like particles (Figure 3–24b and 
c) basically show the same contrast mechanisms as discussed previ-
ously [no orientation anisotropy of the electron backscattering and SE 
emission (Reimer et al., 1971; Seiler and Kuhnle, 1970) is involved]. 
Figure 3–24b recorded with the negatively biased ETD shows large 
shadowed regions (containing almost no information) and some high-
lighted individual fl at surface planes of the crystal-like particles that 
occur with almost constant brightness because of the constant angle of 
beam incidence of the constant detection geometry. Figure 3–24b dem-
onstrates that the detection geometry used for recording was not 
optimum. The micrograph obtained with the four-quadrant semicon-
ductor detector is shown in Figure 3–24c, which depicts exactly the 
same area as Figure 3–24b. Due to the large solid angle of collection of 
this BSE detector the effects mentioned above in (1) and (2) do generate 
just small differences in the image intensity of differently oriented 
surface planes of the crystal-like particles. The effect of shadowing is 
not substantial in that micrograph. The increase of the BSE signal at 
edges, at surface steps, and small protruding particles [cf. (3) above] 
located on the fl at surface planes due to enhanced BSE emission is 
signifi cant. The fi ssures on some surface planes of the crystal-like par-
ticles (cf. Figure 3–24a) occur in the BSE micrograph also as rather dark 
features because just a minor fraction of the BSE can escape from inside 
the fi ssures.

The SEM micrographs are closely analogous to viewing a macro-
scopic specimen by eye. In the light optical analogy the specimen is 
illuminated with light from the side of the detector and viewed from 
the position of the electron beam (see, e.g., Reimer et al., 1984). When 
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a rather diffuse illumination is used then all surface elements are illu-
minated but those directed to the light source are highlighted. This 
corresponds to the situation for the positively biased ETD. The light 
optical analogy shows a pronounced shadow contrast if a directional 
light source illuminates the specimen surface from a suitable direction. 
This situation closely resembles BSE images recorded with a positively 
biased ETD. The strong light optical analogy very likely explains the 
fact that SEM micrographs of objects with a distinct topography can 
be readily interpreted even without extensive knowledge of the physics 
“behind” the imaging process.

As briefl y mentioned in Section 2.1.3.2, the topographic and the 
material contrast can be pronounced or suppressed, respectively, by a 
combination of the signals of two oppositely placed detectors, A and 
B. Two BSE semiconductor detectors were fi rst used by Kimoto et al. 
(1966) and they showed that the sum A + B results in material and 
the difference A − B in topographic contrast. Volbert and Reimer (1980) 
used a BSE/SE converter system and two opposite ET detectors for 
that kind of contrast separation in the SEM. The four-quadrant semicon-
ductor detector used for recording Figures 3–23c and 3–24c allows for 
signal mixing of the four signals acquired simultaneously. Figures 3–23c 
and 3–24c represent the sum of the four signals (SQ1,  .  .  .  , SQ4), thus 
both micrographs show a pronounced material contrast. By addition of 
the signals of two adjacent quadrants at a time (i.e., SQ1 + SQ2 = A; SQ3 + 
SQ4 = B) the effect of two semiannular detectors A and B is obtained. 
The difference image A − B shows a pronounced topographic contrast 
(Figure 3–23d). The directionality in Figure 3–23d can be varied readily 
by using a different combination of the individual signals of the 
quadrants, e.g., A = SQ2 + SQ3 and B = SQ1 + SQ4. Difference SE and BSE 
images recorded at exactly defi ned detection geometry allow for the 
reconstruction of the surface topography (Lebiedzik, 1979; Reimer, 
1984a; Kaczmarek, 1997; Kaczmarek and Domaradzki, 2002; see also 
Sections 2.1.3.2 and 2.1.5.2). However, special care is required for the 
reconstruction of the surface topography using BSE images because 
of artifacts in the reconstructed image (Reimer, 1984a). To demonstrate 
the effect of directionality for four different detection Figure 3–26 
shows four individual BSE micrographs each recorded with another 
quadrant of the semiconductor detector. The individual BSE images 
contain superimposed topographic and compositional contrast 
components.

2.3.2 Material Contrast
The material or compositional contrast arises from local differences in 
chemical composition of the object investigated. As shown in Figure 
3–17, the SE yield δ increases weakly with increasing atomic number 
but the increase is signifi cantly less than that of the BSE coeffi cient η. 
Experimental values of δ (see, e.g., the data collection by Joy 2001) 
scatter strongly around a mean curve. The increase of δ(Z) with Z 
is mainly due to SE [cf. Eq. (2.30)] generated by emitted BSE near 
the specimen surface (SE2). At electron energies larger than 5 keV the 
SE images usually show the same compositional contrast as the 
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Figure 3–26. BSE micrographs of a steel ball on carbon (cf. Figure 3–23) each recorded with another 
individual quadrant of the four-quadrant semiconductor detector. (a) (−X)-quadrant, (b) (+Y)-quad-
rant, (c) (−Y)-quadrant, (d) (+X)-quadrant. The micrographs were recorded at 30 kV and normal beam 
incidence. The angular position of the four-quadrant semiconductor detector is rotated clockwise 
against the x–y coordinates of the images by 34°. Shadows of the surface step of the feature at the 
bottom left of each image help to identify the position of the active quadrant visually.
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corresponding BSE image. This situation is illustrated in Figure 3–23a–
c where at normal beam incidence carbon (Z = 6) is darker than alu-
minum (Z = 13) in both the SE and BSE image. Table 3–4 gives some 
numerical values for the compositional contrast for carbon, aluminum, 
and iron calculated with the related BSE coeffi cients for normal beam 
incidence, which qualitatively agrees with the contrasts obtained in 
Figure 3–23c.

2.3.3 Other Contrasts
2.3.3.1 Voltage Contrast
The secondary electron image intensity varies if the potential of the 
specimen is positively or negatively biased with respect to the ground. 
In principle, a positively biased surface area shows decreased image 
intensity because low-energy SE are attracted back to the specimen by 
the electric fi eld. Conversely, a negatively biased surface area shows 
enhanced image intensity because all SE are repulsed from the speci-
men. This voltage-dependent variation in contrast is designated as 
voltage contrast and dates back to the late 1950s (Rappaport, 1954; 
Oatley and Everhart, 1957; Everhart et al., 1959). Strictly speaking all 
emitted electrons are infl uenced to some extent by the potential of the 
sample, but only the SE and, in principle, the Auger electrons can be 
used for voltage contrast studies (Werner et al., 1998). The use of Auger 
electrons is more diffi cult than that of SE because of the very low yield 
of AE and the ultrahigh vacuum requirements of AE analysis.

The voltage contrast depends on the energy of the beam electrons 
and on the properties of the specimen, being most pronounced in the 
low electron energy region where the SE yield is highest (cf. Figure 3–
12). Biasing the specimen positively or negatively by a few volts not 
only affects the amount of emitted SE but also their trajectories. This 
is caused by the fact that the majority of the SE have energies of a few 
electron volts in contrast to BSE and Auger electrons. The effect of 
specimen voltage on the SE trajectories is rather complex because it 
depends on the SE detection geometry, the sample position in the 
specimen chamber, the properties of the sample, and the operation 
conditions of the SEM. However, voltage contrast is a valuable tool for 
the investigation of a wide range of simple faults in microelectronic 
devices or studies of the potential distribution at grain boundaries 
obtained on the cross section of varistors at applied low DV voltage 
and their breakdown behavior at elevated voltage (Edelmann and 
Wetzig, 1995). The voltage contrast is also used to characterize the 
surface charge distribution of ferroelectrics (Uchikawa and Ikeda, 1981; 

Table 3–4. Compositional contrast calculated according to Eq. (2.33) 
for normal beam incidence q = 0 for the elements C, A1, and Fe.a

Element 1 (Z) Element 2 (Z) h1 h2 C = (h1 - h2)/h2

Aluminum (13) Carbon (6) 0.1530 0.0641 0.581

Iron (26) Carbon (6) 0.2794 0.0641 0.771

Iron (26) Aluminum (13) 0.2794 0.1530 0.452
a Compare Figures 3–23b and c and 3–26. E0 = 30 keV.
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Hesse and Meyer, 1982; Roshchupkin and Brunel, 1993) and piezoelec-
trics (Bahadur and Parshad, 1980).

Voltage contrast measurements can also be performed in a dynamic 
mode on semiconductor devices by pulsing the electron beam [called 
electron stroboscopy (Spivak, 1966)] synchronously with the device 
signal as shown by Plows and Nixon (1968). This dynamic mode allows 
for quantitative voltage contrast measurements on semiconductor 
devices at high-frequency operation conditions known as electron 
beam testing widely used by the electronics industry for the develop-
ment, fault diagnosis, and debugging of innovative integrated circuits. 
High-frequency electron stroboscopy requires high-speed electrostatic 
beam blanking systems with subnanosecond time resolution. For very 
high-frequency electron stroboscopy in the gigahertz range a special 
transverse-longitudinal combination gate system (Hosokawa et al., 
1978) or microwave structure-based beam blanking techniques have 
been employed (Fujioka and Ura, 1981). A comprehensive treatment of 
the fundamentals of voltage contrast and stroboscopy has been pub-
lished by Davidson (1989) and the state of the art of voltage contrast 
has been review by Girard (1991). Furthermore, improvements of 
voltage contrast detectors as well as of detection strategies are dis-
cussed in detail by Dubbeldam (1991). Voltage contrast is now of a 
mature age, but the extension to future microelectronics also presup-
poses an extension in the domain of in situ testing methods and 
techniques.

2.3.3.2 Electron Beam-Induced Current
The electron beam generates a variety of signals emitted from the 
specimen as shown in Figures 3–2 and 3–14. In semiconductors the 
primary electrons generate electron hole pairs or minority carriers 
within the excitation volume. The mean number of electron hole pairs 
is given by E0/Eexm [cf. Eq. (2.14)], where Eexm is the mean energy per 
electron hole pair forming event. For example, Eexm amounts to 3.6 eV 
for Si and 2.84 eV for Ge, i.e., one 10-keV electron generates on average 
approximately 2.7 × 103 electron hole pairs in Si and 3.5 × 103 in Ge 
(McKenzie and Bromely, 1959). The charge collection (CC) signal is 
detected between two electric contacts; one of these contacts collects 
the electrons and the other one collects the holes. If electromotive 
forces caused by electron voltaic effects are generated by the beam 
electrons in the specimen then a charge collection current ICC desig-
nated as an electron beam-induced current (EBIC) fl ows through the 
ohmic contacts. If no electron voltaic effects occur, the beam electrons 
cause local β-conductivity, where the separation of charge carriers 
results in an electron beam-induced voltage (EBIV). The most impor-
tant type of signal of the two charge-collecting modes is EBIC. A 
detailed treatment of the basic physical mechanisms and applications 
of the charge collection mode is given by Holt (1974, 1989), Deamy 
(1982), Reimer (1985), Shea et al. (1978), Alexander (1994), and Yakimov 
(2002).

EBIC can be observed in SEM simply by connecting a high-gain large 
bandwidth amplifi er across the specimen using the amplifi ed EBIC 
signal as a video signal. The input impedance of the amplifi er must be 
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very low relative to that of the specimen to measure the true EBIC. For 
usual electron probe currents of some nanoamperes the charge collec-
tion currents are in the order of microamperes since for many materials 
the mean energy per electron hole pair is between approximately 1 and 
13 eV (Holt, 1989). In contrast to EBIC, for the measurement of the true 
EBIV an amplifi er with a very high input resistance is necessary.

The resolution obtained in the charge-collecting modes depends on 
the size of the excitation volume within the specimen, which readily 
can be extracted from Monte Carlo simulation data (see Section 2.2). 
For the CC mode, a depth and a lateral resolution have to be defi ned. 
The depth-dose function, which represents the energy loss per unit 
depth in the electron beam direction, determines the depth resolution. 
The lateral-dose function, which represents the energy loss per unit 
distance perpendicular to the electron beam direction, determines the 
lateral resolution. There are also empirical (Grün, 1957) and semiem-
pirical expressions (Everhart and Hoff, 1971) as well as several analyti-
cal models (Bishop, 1974; Leamy, 1982) for the depth-dose and for the 
lateral-dose function as well (Bishop, 1974; Leamy, 1982).

Electron beam chopping and time-resolved EBIC can enhance the 
accuracy of measurements in several cases, e.g., for the estimation of 
the depth of p–n junction parallel to the surface (Georges et al., 1982) 
or allows for quantitative analysis of electrical properties of defects in 
semiconductors (Sekiguchi and Sumino, 1995) and interesting applica-
tions for the failure analysis of VLSI circuits (Chan et al., 2000).

2.3.3.3 Crystal Orientation Contrast
As previously mentioned, the backscattering coeffi cient η of a single 
crystal varies with the direction of the incident beam electrons related 
to the crystallographic orientation (cf. Section 2.2). This effect is caused 
by the variation of the atomic density, which the incident electrons 
encounter when penetrating into the crystal. In certain crystallographic 
directions the beam electrons penetrate more deeply. Those directions 
represent “channels” for the incident electrons. Changing the direction 
of the incident electrons relative to the crystallographic orientation 
causes the so-called crystal orientation or channeling contrast of the 
BSE image, which amounts to a maximum of approximately 5%. Crystal 
orientation contrast arises if a large single crystal is imaged at very low 
magnifi cation using a small electron probe aperture of about 1 mrad. 
Scanning at low magnifi cation both moves the electron probe and 
changes the angle of incidence across the fi eld, thereby generating an 
electron channeling pattern (ECP). At higher magnifi cation the angle 
of beam incidence varies just insignifi cantly across the small scanned 
fi eld and channeling contrast is obtained in polycrystalline samples 
from small grains with different crystal orientations (Figure 3–27). The 
information depth of the crystal orientation contrast is in the order of 
a few nanometers only (Reimer, 1985) and therefore the contrast is very 
sensitive to distortions of the crystal at the surface. The channeling 
contrast reaches the maximum at energies between 10 and 20 keV 
(Reimer et al., 1971; Drescher et al., 1974).

An orientation anisotropy also occurs for the secondary yield (Reimer 
et al., 1971), which gives rise to an SE orientation contrast.
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2.3.3.4 Magnetic Contrasts
Basically, two different types of magnetic contrast can arise from the 
interaction of the emitted electrons with the magnetic fi eld of small 
domains of the specimen.

Type-1 Magnetic Contrast. Secondary electrons are defl ected after emis-
sion by an external magnetic fi eld, thus generating a magnetic contrast 
(Dorsey, 1969). External magnetic fi elds can exist in natural or synthetic 
engineered ferromagnetic materials such as magnetic tape, magnetic 
cards, and computer disks. The fringe fi elds near the surface are highly 
inhomogeneous and the SE trajectories are affected by the Lorentz 
force, which is proportional to v × B where v is the velocity vector of 
the SE and B the magnetic fi eld. The most probable velocity corre-
sponds to the electron energy of a few electronvolts (see Section 2.2.1). 
The acting Lorentz force defl ects the trajectories of the SE and the 
resulting effect can be approximated to a tilt of Lambert’s angular SE 
emission characteristics of the SE (see Section 2.2.1; Reimer, 1985). 
Figure 3–28 illustrates this effect for two domains in the specimen 
having oppositely directed external magnetic fi elds. To observe type-1 
magnetic contrast in case of weak magnetic fi elds an ETD with a high 
angular sensitivity, a two-detector system (Dorsey, 1969; Wardly, 1971) 
or digital image processing (Szmaja, 2000, 2002) has been employed. 
For the type-1 magnetic contrast low beam electron energies are favor-
able because of the enhanced SE yield and therefore an increased 
signal-to-noise ratio (SNR). The actual problems related to the compli-
cated mechanism of type-I magnetic contrast and its relatively low 
resolution were discussed by Szmaja (2002).

Type-2 Magnetic Contrast. This type of contrast arises from the defl ec-
tion of backscattered electrons by the internal magnetic fi eld within the 
specimen (Philibert and Tixier, 1969; Fathers et al., 1973). Depending 
on the direction of the magnetic fi eld inside the sample, the BSE are 
bent toward or away from the surface between consecutive scattering 
events, i.e., the BSE coeffi cient is increased in domains where trajecto-
ries are bent toward the surface and decrease when bending the BSE 
trajectories in an opposite direction. To observe a suffi cient type-2 mag-
netic contrast the beam electrons need an energy of at least 30 keV and 
a relatively high beam current. The type-2 contrast is maximized if the 

Figure 3–27. Cross section of a polycrystalline sample having grains with 
different crystal lattice orientation relative to the electron beam.
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specimen is tilted by approximately 40–60°, however, the maximum 
contrast also depends on the takeoff angle of the BSE detector (Wells, 
1978; Yamamoto et al., 1976). The BSE signal modulation due to mag-
netic fi elds inside the specimen is typically less than 1% of the collected 
current and unwanted topographic contrasts can be reduced in com-
parison with this magnetic contrast by a lock-in technique (Wells, 
1979).

2.4 Specimen Preparation

The specimen preparation procedures required for optimum results of 
scanning electron microscopic investigations are of crucial importance. 
The dedicated preparation of the specimen under study is an essential 
prerequisite for the reliability of the experimental data obtained and 
has a signifi cance comparable to the performance of the SEM used for 
the investigation. Unfortunately, the importance of specimen prepara-
tion is often underestimated. In principle, the preparation required 
depends signifi cantly on the properties of the specimen to be investi-
gated as well as on the type of SEM study, i.e., whether imaging of the 
surface or of cross sections of the sample (cf. Sections 2.2, 2.3, and 3–6), 
crystallographic characterization by electron diffraction techniques (cf. 
Section 7), or X-ray microanalytical investigations (cf. Section 6) are 
considered. Bearing in mind the variety of specimens having unknown 
properties on the one hand and the multitude of possible investigation 
techniques on the other hand, it is obvious that the choice of the most 
promising preparation procedures can be a rather complex matter. 
Although the preparation techniques are described in a variety of 
books (e.g., Reimer, 1967; Hayat, 1974–1976, 1978; Revel et al., 1983; Polak 

ETD

external
magnetic field

Specimen

FmFm

Figure 3–28. Scheme of type-1 magnetic contrast formation between two domains having oppositely 
directed external magnetic fi elds. The dashed lines indicate the SE trajectories for the most probable 
SE energy to the positively biased Everhart–Thornley detector (ETD) without magnetic fi eld and the 
solid lines the trajectories with magnetic fi elds. The effect of the magnetic force Fm on the SE tilts the 
trajectories by a small angle toward or away from the ETD, respectively.
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and Varndell, 1984; Müller, 1985; Steinbrecht and Zierold, 1987; Albrecht 
and Ornberg, 1988; Edelmann and Roomans, 1990; Grasenick et al., 
1991; Echlin, 1992; Malecki and Romans, 1996), collections of methods 
(e.g., Schimmel and Vogell, 1970; Robards and Wilson, 1993) with 
updates, and publications, the successful preparation still also depends 
in many cases on experience and skillful hands.

It is beyond the scope of this chapter to discuss the wide fi eld of 
preparation techniques. Therefore, a brief rather general outline of 
specimen preparation with reference to specifi c literature will be given. 
Figure 3–29 schematically outlines some important preparation proce-
dures used for inorganic and organic materials. As a general rule, a 
successful investigation by SEM requires specimens, which have clean 
surfaces, suffi cient electrical conductivity, are not wet or oily, and 
possess a certain radiation stability, to resist electron irradiation during 
imaging. An exception of this rule is allowed only for SEMs working 
at ambient pressure (say at low vacuum; see Section 4), which permits 
direct imaging of dirty, wet, or oily samples, although radiation damage 
occurs with radiation-sensitive specimens. The goal of an ideal prepa-
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Figure 3–29. Schematic drawing of important pre paration procedures for SEM used for inorganic and 
organic materials with and without water. AD, air drying; CPD, critical point drying; FD, freeze 
drying; FIB, focused ion beam; IBSC, ion beam slope cutting.
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ration consists in making specimens accessible for high vacuum SEM 
studies without changing the relevant properties under investigation.

Many inorganic samples with suffi cient electrical conductivity, such 
as metals, alloys, or semiconductors, can be imaged directly with little 
or no specimen preparation (Figure 3–29). This is one very useful 
feature of scanning electron microscopy. In some cases a surface treat-
ment may be required, e.g., to clean the specimen surface with an 
appropriate solvent, possibly in an ultrasonic cleaner, and with low-
energy reactive gas plasma for the removal of hydrocarbon contamina-
tion (Isabell et al., 1999). The cleanings are suitable to prepare electrically 
conductive specimens for surface imaging in SEM. In case of noncon-
ductive samples, such as ceramics, minerals, or glass, a conductive 
coating (e.g., Willison and Rowe, 1980) with a thin metal fi lm (e.g., gold, 
platinum, tungsten, chromium) or a mixed conductive fi lm (e.g., gold/
palladium, platinum/carbon, platinum/iridium/carbon) is required 
for good-quality imaging. For X-ray microanalysis carbon coating is 
preferred because of its minimum effect on the X-ray spectrum. The 
coating can be performed by evaporation (e.g., Reimer, 1967; Shibata et 
al., 1984; Hermann et al., 1988; Robards and Wilson, 1993), by diode 
sputtering (Apkarian and Curtis, 1986), or by planar magnetron sput-
tering (Nagatani and Saito, 1989; Müller et al., 1990). High-quality con-
ductive thin-fi lm coating for high-resolution SEM (see Section 3) can be 
performed in an oil-free high vacuum by both evaporation, using e.g., 
tungsten, tantalum/tungsten, platinum/carbon, or platinum/iridium/
carbon, and rotary shadowing methods (Gross et al., 1985; Hermann et 
al., 1988; Wepf and Gross, 1990; Wepf et al., 1991) as well as by ion beam 
and by penning sputtering with, e.g., chromium, tantalum, and niobium 
(Peters, 1980).

For the study of microstructural features (see Section 7) and for 
microanalytical investigations (see Section 6) a fl at surface is required, 
therefore rough specimen surfaces have to be fl attened by careful 
grinding and subsequent polishing according to standard metallo-
graphic methods (Glauert, 1973). To remove mechanical deformations 
caused by grinding and mechanical polishing, a fi nal treatment with 
electrochemical polishing or ion beam polishing may be necessary. In 
case of polycrystalline and heterogeneous material, selective etching 
by ion bombardment may be used, which generates a surface profi le 
caused by locally different sputtering yields, thus giving rise to topo-
graphic contrast of grains and the individual materials (Hauffe, 1971, 
1995).

Often, specimens need to be characterized and analyzed both above 
and below the surface, e.g., if the subsurface composition of the 
material, process diagnosis, failure analysis, in situ testing, or three-
dimensional reconstruction of the spatial microstructure is required. 
Flat cross sections through the specimen can be obtained by ultrami-
crotomy (Reid and Beesley, 1991; Sitte, 1984, 1996; the block face can be 
used for SEM imaging), ion beam slope cutting (Hauffe, 1990; Hauffe 
et al., 2002), an FIB technique (Kirk et al., 1988; Madl et al., 1988; Ishitani 
and Yaguchi, 1996; Shibata, 2004; Giannuzi and Stevie, 2005), or by a 
combination of an FIB system with a fi eld emission SEM (SEM/FIB), 



198 R. Reichelt

which allows the precise positioning of the cross section and, most 
importantly, realtime high-resolution SEM imaging of the cutting 
process, which enables, among other things, the examination of the 
spatial structure (Sudraud et al., 1987; Gnauck et al., 2003a, b; McGuin-
ness, 2003; Holzer et al., 2004; Sennhauser et al., 2004). An example for 
two perpendicular vertical cross sections into an integrated circuit is 
shown in Figure 3–30. The combined SEM/FIB additionally can be 
equipped with analytical techniques such as energy-dispersive X-ray 
spectroscopy, wavelength-dispersive X-ray spectroscopy, Auger elec-
tron spectroscopy, and secondary ion mass spectrometry allowing for 
three-dimensional elemental analysis of the interior of the specimen.

The other class of samples consists of organic material, which usually 
has an insuffi cient electrical conductivity for scanning electron micros-
copy. Although biological specimens contain water—the water content 
ranges in human tissues from approximately 4 to 99% (Flindt, 2000)—
many other organic materials do not, e.g., numerous polymers. The 
preparation strategies to be applied to specimens with and without 
water differ (cf. Figure 3–29), although there are also some similarities 
between them.

Figure 3–30. Integrated circuit with two perpendi cular vertical cross sections 
into the interior. FIB sectioning was performed with the CrossBeam® tool 
from Carl Zeiss NTS. The secondary electron images using the EDT were 
obtained by the fi eld emission SEM (a) at 3 kV and by the FIB system (b) at 
5 kV. Both micrographs reveal the site-specifi c internal structure of the inte-
grated circuit, although some features occur with different contrast caused by 
different mechanisms of SE generation by electrons (a) and ions (b) (Courtesy 
of Carl Zeiss NTS, Oberkochen, Germany.)
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The surface treatment of organic specimens without water, such as 
cleaning, grinding, polishing, and etching by dissolution, chemical 
attack, or ion bombardment, has many similarities to the surface treat-
ment of inorganic materials. A detailed discussion of and the recipes 
for specifi c preparation procedures for polymers are given in the 
chapter “Specimen preparation methods” in the book by Sawyer and 
Grubb (1996). Analogous to nonconductive inorganic materials, con-
ductive coating with a thin metal fi lm (e.g., gold, platinum, tungsten, 
chromium) or a mixed conductive fi lm (e.g., gold/palladium, plati-
num/carbon, platinum/iridium/carbon) is required for good-quality 
imaging. If the subsurface structure of the material has to be studied, 
fl at cross sections usually are prepared by ultramicrotomy or cryoul-
tramicrotomy, depending on the cutting behavior of the specimen 
under study. In principle, cutting with ions and imaging and analysis 
with electrons by using a combined FIB/SEM tool seem possible also 
with polymers. It was recently shown that ion milling is possible, e.g., 
with rubber (Milani et al., 2004; cf. also Figure 3–31) and with plastic 
material (cf. Figure 3–32). As yet, the application of FIB for cutting and 
milling of organic specimens is rare.

Most of the organic specimens that contain water are biological 
samples. A small fraction of water-containing specimens is nonbiologi-
cal, e.g., hydrogels. Caused by the high vacuum in the SEM the water-
containing specimens cannot be investigated in the wet state. In 
principle, three different preparation strategies exist to make wet speci-
mens accessible to SEM investigations:

1. Withdrawal of the water;
2.  replacement of the water by some vacuum-resistant material such 

as resins or freeze substitution (Feder and Sidman, 1958; Hess, 2003) 
of the ice of the rapidly frozen specimen by some organic solvent; 
and

3. rapid freezing of the water.

Irrespective of the preparation strategy used the native spatial struc-
ture of the specimen should be maintained. Air drying, which is the 
most simple method of drying, is not suitable for drying soft specimens 
because the surface tension induces remarkable forces during the 
process of air drying, deforming the specimen irreversibly (Kellen-
berger and Kistler, 1979; Kellenberger et al., 1982). Figure 3–29 shows 
different paths, which can be used, even though the degree of struc-
tural preservation depends on the preparation procedures applied. 
The different preparation procedures have been described in detail 
(Kellenberger and Kistler, 1979; Robards and Sleytr, 1985; Steinbrecht 
and Zierold, 1987; Dykstra, 1992; Echlin, 1992; Kellenberger et al., 1992; 
Robards and Wilson, 1993). Among the different preparation methods 
rapid freezing is the method of choice for preparing biological speci-
mens in a defi ned physiological state (Echlin, 1992). In case of chemical 
fi xation, which may create artifacts (Kellenberger et al., 1992), the water 
of the sample has to be withdrawn or replaced afterward. If the surface 
structure of the specimen has to be studied, then the specimen surface 
has to be coated with a thin conductive fi lm prior to SEM investigation. 
If the interior of the specimen has to be studied, the sample has to be 
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opened by sectioning with the ultramicrotome or possibly FIB and 
subsequently coated. In case of physical fi xation, i.e., rapid freezing, the 
specimen has to be opened by freeze fracturing (for review see Severs 
and Shotton, 1995; Walther, 2003), cryosectioning, or now possibly by 
ion milling the frozen-hydrated sample [ion milling in ice is possible 
(McGuinness, 2003)]. After short partial freeze drying (also called 
freeze etching), the fracture face or block face have to be properly 
coated by a conductive fi lm and then can be directly analyzed in the 
cryo-SEM (Echlin, 1971; Hermann and Müller, 1993; Walther and 

Figure 3–32. Secondary electron micrograph of an FIB cross-sectioned color 
fi lm. The SE image is composed of the signals of two SE detectors, where the 
“through-the-lens” detection contributes a fraction of 60% and the positively 
biased ETD a fraction of 40%. The FIB sectioning and imaging at 5 kV were 
performed with the CrossBeam® tool combining a focused ion beam system 
with a fi eld emission SEM (cf. Gnauck et al., 2003a). The cross section in the 
lower half of the micrograph reveals the interior of the fi lm (three color layers 
corresponding to red, green, and blue and the submicrometer features as well), 
whereas the upper half of the micrograph shows the porous outer surface of 
the fi lm. (Courtesy of Carl Zeiss NTS, Oberkochen, Germany.)

Figure 3–31. Secondary electron micrograph (“though-the-lens” detection) of 
a site-specifi c FIB cross-sectioned abrasive wear particle of a tyre supported 
onto carbon. The FIB sectioning and imaging at 5 kV was performed with the 
CrossBeam® tool combining a focused ion beam system with a fi eld emission 
SEM (cf. Gnauck et al., 2003a). The cross section reveals the interior features 
of the rubber particle. (Courtesy of Carl Zeiss NTS, Oberkochen, Germany.)
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Müller, 1999; Walther, 2003). Another possible path is complete freeze-
drying and subsequent conductive coating of the sample, which then 
can be analyzed at room temperature in the SEM.

As yet, FIB sample preparation and subsequent FIB or SEM imaging 
are in early stages of application in the life sciences. Very recently, in 
situ FIB sectioning was successfully performed with critical-point-
dried hepatopan creatic cells (Drobne et al., 2004) and some epithelium 
cells (Drobne et al., 2005).

2.5 Radiation Damage and Contamination

The inelastic electron–specimen interaction inevitably damages the 
irradiated specimen and can induce contamination at the specimen 
surface. Once radiation damage, in particular of organic specimens, 
has been extensively investigated for thin fi lms in transmission elec-
tron microscopy, comparatively little is systematically studied for 
irradiation-sensitive samples in SEM. This may be due to the fact that 
the interpretation of radiation damage in TEM is easier because of the 
uniform ionization density through thin specimens. In bulk specimens, 
however, the ionization density is a function of the depth (for a detailed 
treatment of the depth dose function see, e.g., Shea, 1984) and a layer 
below the surface at the maximum ionization density will be damaged 
faster than others within the electron range R (cf. Figures 3–13 and 3–
14). According to the Bethe stopping power [see Eq. (2.26)], the damage 
will be proportional to 1/E ln(1.166 E/J). Table 3–5 gives values of the 
stopping power for carbon and protein for electron energies from 0.1 to 
30 keV, which show the increase of the stopping power with decreasing 
electron energy. It is commonly assumed that the shape of the depth–
dose curve is not a function of either the primary electron energy or 
the material when normalized to the electron range (Shea, 1984). That 
means that the layer with the maximum ionization density approaches 
the surface as the electron energy decreases.

In organics, the radiation breaks due to the transfer of typically tens 
of electron volts to an electron at the site of the interaction of many 
intra- and intermolecular bonds, which generates free radicals (e.g., 
Bolt and Carroll, 1963; Dole, 1973; Baumeister et al., 1976). Many excited 

Table 3–5. Mean ionization potential J [Eqs. (2.27) and (2.28), 
respectively] and the Bethe stopping power dE/ds [Eq. (2.26)] for 
carbon and protein at different electron energies.a

 E (keV)
Sample Parameter 0.1 1.0 5.0 10 30

Carbon J (eV)  56.5  92.8 98.5 99.2 100.4
 dE/ds (eV/cm) -56.4 -19.7 -6.4 -3.7  -1.5

Protein J (eV)  50.6  78.0 82.0 83.0  83.0
 dE/ds (eV/cm) -43.8 -14.2 -4.5 -2.6  -1.1
a  The values listed for dE/ds have to be multiplied by 107. The following values were 

used for the calculation (Reichelt and Engel, 1984): carbon: Z = 6; A = 12; ρ = 2 g/cm3; 
protein: mean atomic number <Z> = 3.836; A = 7.7; ρ = 1.35 g/cm3.
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species will very rapidly recombine in 10−9 to 10−8 s and will reform the 
original chemical structure dissipating the absorbed energy as heat. 
Some recombinations will form new structures, breaking chemical 
bonds and forming others. If the material was initially crystalline, 
defects will form and gradually it will become amorphous. In addition 
to these structural changes the generated free radicals will rapidly 
diffuse to and across the surface or can evaporate, i.e., loss of mass and 
composition change will occur (e.g., Egerton, 1989, 1999; Egerton et al. 
1987; Engel, 1983; Isaacson, 1977, 1979a; Reimer, 1984b; Reichelt et al., 
1985). Bubbles may form at high dose rates when volatile products are 
trapped. Not only the beam electrons damage the organic sample but 
also fast secondary electrons (ESE > 50 eV) can produce damages outside 
the directly irradiated specimen area (Siangchaew and Libera, 2000). 
Furthermore, beam-induced electrostatic charging and heating can 
also damage organic samples. Conductive coating of the organic speci-
men, as suggested for inorganic materials by Strane et al. (1988), can 
keep trapped free radicals as well as reduce beam-induced tempera-
ture rise or electrostatic charging (Salih and Cosslett, 1977). Lowering 
of the temperature of the specimen is a further measure to reduce the 
sensitivity of an organic specimen to structural damage and mass loss. 
However, the reduction factor depends considerably on the material of 
the specimen.

The radiation damage mechanisms in semiconductors are different 
from those described above. As mentioned in Sections 2.1.3.1 and 2.3.3.2, 
the incident electrons generate electron hole pairs, which will be trapped 
in the Si2O layer due to their decreased mobility. This can generate 
space charges, which in turn can affect the electronic properties of the 
semiconductor.

Beam-induced contamination is mass gain, which occurs when 
hydrocarbon molecules on the specimen surface are polymerized by 
the beam electrons. The polymerized molecules have a low surface 
mobility, i.e., the amount of polymerized molecules increases in the 
surface region where polymerization takes place. There are two main 
sources for hydrocarbon contamination: (1) gaseous hydrocarbons 
arising from oil pumps, vacuum grease, and possibly O-rings, and (2) 
residual hydrocarbons on the specimen. Several countermeasures exist 
to reduce the contamination to a tolerable level (see, e.g., Fourie, 1979; 
Wall, 1980; Postek, 1996). The amount of gaseous hydrocarbons is sub-
stantially reduced when the SEM is operated with an oil-free pumping 
system and a so-called cold fi nger located above the specimen. Further, 
the contamination rate falls more rapidly as the specimen temperature 
is lowered, and below −20°C contamination is diffi cult to measure 
(Wall, 1980). This is caused by the reduced diffusion of hydrocarbons 
on the specimen. In some cases, preirradiation of a large sur-
face area with the electron beam is helpful, which immobilizes (polym-
erizes) hydrocarbons around the fi eld of view to be imaged. Finally, 
specimens are mostly exposed to the atmosphere before transfer into 
the specimen chamber. Weakly bound molecules (e.g., hydrocarbons) 
can be completely eliminated by gently heating the sample in the speci-
men exchange chamber (low vacuum) to 40–50°C for several minutes 
by a spot lamp (Isaacson et al., 1979b). A detailed topical review on the 
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radiation damage and contamination in electron microscopy is given 
by Egerton et al. (2004).

2.6 Applications

Scanning electron microscopy is an indispensable tool for investiga-
tions of a tremendous variety of specimens from very different fi elds 
such as materials science, mineralogy, geology, semiconductor research, 
microelectronics, in-dustry, polymer research, ecology, archeology, art, 
and life sciences. Although the investigations are not restricted just to 
imaging of surface structures, the majority of SEM studies apply the 
imaging modes. As mentioned previously, considerable additional 
information about the local elemental composition, electronic and 
magnetic properties, crystal structure, etc. can be acquired when the 
SEM is combined with supplementary equipment such as electron and 
X-ray spectrometers to take advantage of the energy spectra of the 
emitted electrons and X-rays. Table 3–6 surveys the information, which 
can be obtained from inorganic and organic specimens not containing 

Table 3–6. SEM applications on specimens from materials science, mine ralogy, geology, 
polymer science, semiconductors, and microelectronics.a

Specimen Information

Metals, alloys, and At the specimen surface:
 intermetallics   Topography (three-dimensional); microroughness; cracks; 

fi ssures; fractures; grain size and shape; texture; phase 
identifi cation; localization of magnetic domains; size and shape 
of small particles; elemental composition; elemental map

 Inside the specimen:
   Grain and phase structures; three-dimensional microstructure; 

cracks; fi ssures; material inclusions; elemental composition

Ceramics, minerals, At the specimen surface:
 glasses   Topography (three-dimensional); microroughness; cracks; 

fi ssures; fractures; grain size and shape; pores; phase 
identifi cation; size and shape of small particles; elemental 
composition

 Inside the specimen:
   Grain and phase structures; three-dimensional microstructure; 

cracks; fi ssures; material inclusions; pores; elemental 
composition

Polymers, wood At the specimen surface:
   Morphology; topography (three-dimensional); microroughness; 

cracks; fi ssures; fractures; pores; size and shape of small fi bers 
and particles; fi ber assemblage in woven fabrics; elemental 
composition

 Inside the specimen:
   Cracks; fi ssures; fractures; pores; composite structure; elemental 

composition

Semiconductors, integrated  Dislocation studies (with CL); metallization and passivation
 circuits, microelectronic   integrity; quality of wire bonds; electrical performance; design
 devices  validation; fault diagnosis; testing
a  State-of-the-art preparation and image analysis techniques are required to take full advantage of the capabilities 

of SEM.



204 R. Reichelt

water. Further, in situ scanning electron microscopy allows for differ-
ent specifi c specimen treatments in the specimen chamber (see, e.g., 
Wetzig and Schulze, 1995), which serves as a microlaboratory, and the 
simultaneous observation of the specimen response (cf. Table 3–7).

The advancement of nanoscale science and technology demands the 
manipulation of nanoobjects at the molecular level and ultimately the 
manufacture of things via a bottom-up approach. Very recently, a four 
nanoprobe system has been installed inside a fi eld emission SEM, which 
may be used for gripping, moving, and manipulating nanoobjects, e.g., 
carbon nanotubes, setting up electric contacts for electronic measure-
ments, tailoring the structure of the nanoobject by cutting, etc. and for 
making nanostructures (Peng et al., 2004). The SEM in this setup allows 
for visualization of the four nanoprobes operating inside the specimen 
chamber as well as the process of formation of microstructures.

Less spectacular, but nevertheless important, are applications of 
scanning electron microscopy to image macroscopic samples in the 
millimeter range at very low magnifi cation (about 10× to 100×), which 
cannot be seen clearly by the eye or by the light microscope for some 
reasons. Two examples from very different fi elds are shown in Figures 
3–33 and 3–34 taking advantage of the large depth of focus as well as 
distinct topographic and material contrast.

Working in the low magnifi cation range, the depth of focus limit in 
the SEM (see Section 2.1.5.2) can be overcome by recording stacks of 
through-focus images (as in conventional and confocal optical micros-
copy), which are digitally postprocessed to generate an all-in-focus 
image (Boyde, 2004). The application of the technique is advantageous 
when BSE imaging of spongy specimens is required, as demonstrated 
with examples from the study of human osteoporotic bone (Boyde, 
2004).

Table 3–7. In situ treatments in SEM and available information about specimens from 
materials science.
Treatment Information

Static and dynamic deformation,  Kinematic processes during deformation; submicrometer
 e.g.,by tension, compression,  cracks visible only under load; localized deformation
 bending, machining   centers, e.g., slip bands, crack nucleation; deformation-

induced acoustic emission

Laser irradiation, e.g., in pulse  Phase transformations; structural modifi cations; crack
 mode, Q-switch mode   formation due to thermal shock; diffusion processes; laser-

induced surface melting and evaporation processes; vapor 
deposition on substrates; cumulative effects of multiple 
laser pulses

Ion beam irradiation  Depth profi le/cross section; grain boundaries; spatial
 microstructure; internal grain and phase structures

Electrical and magnetic effects  Reversible and irreversible breakdown of voltage barriers;
  size distribution of magnetic and ferroelectric domains; 

orientation distribution of magnetic and ferroelectric 
domains; effects accessible by EBIC, EBIV, and CL
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In life sciences, application of SEM mainly for morphological studies 
is also widespread and started when commercial SEMs became avail-
able in the late 1960s (see, e.g., Pfefferkorn and Pfautsch, 1971). However, 
in life sciences SEM is used less than TEM. Table 3–8 provides a survey 
of the specimens and information that can be obtained by SEM. Engi-
neered biomaterials and tissues are becoming increasingly important 

Figure 3–33. Secondary electron micrograph of the material of white lines, 
dividing the opposite lanes on roads, used to refl ect the light from the head-
lights of cars. Some of the light-refl ecting glass spheres are damaged or 
snatched off (their original positions can be recognized by sphere-like inden-
tations). For safety reasons protruding sharp-edged particles are embedded 
in the material (e.g., at the bottom left corner) to generate a high friction 
between the tire and the white line. The sample is sputter coated with gold. 
(Micrograph kindly provided by Rudolf Göcke, Institut für Medizinische 
Physik und Biophysik, Münster, Germany.)

Figure 3–34. Secondary electron (a) and backscattered electron (b) micrograph of carbonized fossil 
remains of a fern bot embedded in clay. The sample is coated with a very thin carbon fi lm. The contrast 
in the SE image is caused by the topography, whereas the BSE image shows a distinct atomic number 
contrast. The carbonized fossil remains appear dark due to the lower mean atomic number surrounded 
by bright areas of clay. (Micrographs kindly provided by Rudolf Göcke, Institut für Medizinische 
Physik and Biophysik, Münster, Germany.)
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in biomedical practice and it has become clear that cellular responses 
to materials depend on structural properties of the material at both the 
micrometer and nanometer scale. SEM is one of several methods for 
controlling material properties on both of these scales and thus it is 
increasingly used to study those materials.

Scanning electron microscopy can be used for comparative morpho-
logical studies of tissues as demonstrated by the application in cardio-
vascular surgery to detect endothelial damage caused by skeletonization 
(Rukosujew et al., 2004). In cardiovascular surgery, the radial artery is 
increasingly used for myocardial revascularization because of its pre-
sumed advantageous long-term patency rates. The vessel can be har-
vested as a pedicle or skeletonized. The SEM reveals the endothelial 
morphology (cf. Figure 3–35), and thus allows comparison of the skele-
tonization technique with pedicle preparation using either an ultrasonic 
scalpel or scissors.

Table 3–8. SEM applications on specimens from life sciences.a

Specimen Information

Bones, teeth, dentin, cartilage, At the specimen surface:
 hairs, fi ngernails, toenails   Morphology; ultrastructure, pathological alterations of 

ultrastructure, microstructure, roughness; cracks; fi ssures; 
fractures; elemental composition

 Inside the specimen:
   Three-dimensional microstructure; cracks; fi ssures; elemental 

composition

Biominerals, e.g., gallstone, At the specimen surface:
 kidney stone, tartar,  Morphology; microstructure, cracks; fi ssures; fractures; grain
 calcifi cation    size and shape; size and shape of small particles; elemental 

composition

 Inside the specimen:
   Grain size and shape; microstructure; cracks, fi ssures; 

material inclusions; cavities; elemental composition

Soft tissues cells, bacteria At the specimen surface:
   Morphology; topography (three-dimensional); roughness; 

ultrastructure; pathological alterations of ultrastructure; size 
and shape of cells and bacteria; elemental composition

 Inside the specimen:
   Ultrastructure; pathological alterations of ultrastructure; 

elemental composition

Biomaterials, implants,  Morphology; biocompatibility; biostability; ultrastructure of
 prostheses   and degradation mechanisms at the bone–implant interface; 

mineral apposition; cell and tissue apposition; adsorption 
behaviors of fi brinogen, albumin, and fresh plasma on 
implants for the cardiac–vascular systems; fault diagnosis of 
prostheses; failure analysis after loading tests in simulator; 
wear of prostheses; surface erosion of prostheses after use

a State-of-the-art preparation and image analysis techniques are required to take full advantage of the capabilities 
of SEM.
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Investigation of implants is a strongly growing fi eld, where scanning 
electron microscopy is an indispensable tool. Figure 3–36 shows an 
example from ophthalmology where a technique for knotting a suture 
to the haptic of an intraocular lens is used for its fi rm fi xation onto the 
sclera to avoid postoperative dislocation. Because of the large depth of 
focus and the distinct topographic contrast in the secondary electron 
micrograph, which conveys a pseudo three-dimensional and detailed 
view, the SEM allows checking as to the extent to which the haptic and 
suture can be damaged by knotting. Moreover, the quality of knots can 
be studied.

Microtechnology and “microelectromechanical systems” (MEMS) 
are additional fi elds in which SEM is used as a tool for monitoring 
processes, detecting defects, or measuring sizes and distances, e.g., in 
micromachines and micromechanical or micromachining processes 
(see, e.g., Ishikawa et al., 1993; Aoyagi, 2002; Hernandez-Lopez et al., 
2003; Khamsehpour and Davies, 2004).

The acquisition of quantitative data about the third dimension 
(stereo, 3D) of surfaces and interior specimen structures was previ-
ously mentioned (see Sections 2.14, 2.15, and 2.4). In general, this 
requires digital image analysis, specifi c instrumentation for the SEM 
(e.g., specimen stage, detectors), and special specimen preparation 
(e.g., ultramicrotome, IBSC, FIB). Recently, interesting applications of 
3D morphometry for accurate dimensional and angular measurements 
of microstructures (Minnich et al., 1999, 2000) and of volumetric mea-
surements (Chan et al., 2004) were shown using stereopaired images 
and digital image analysis.

Figure 3–35. Secondary electron micrograph of the cross-sectioned radial artery at low magnifi cation 
(a) and of the endothelial cells at medium magnifi cation (b). The vessel was critical point dried and 
sputter coated with gold.
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Figure 3–36. Secondary electron micrographs of a poly(methyl methacrylate) (PMMA) intraocular 
lens (IOL) with knots from 10-0 polypropylene (Prolene) on the haptic recorded at different magnifi ca-
tions. (a) Whole IOL with the haptic and the fi xated sutures; (b–e) Detailed views to the haptic and 
knots, respectively, showing some minor damage. The IOL is sputter coated with gold and imaged at 
25 kV.
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3 Field Emission Scanning Electron Microscopy

The diameter of the electron beam at the specimen surface sets a fun-
damental lower limit to the signal localization and, therefore, also to 
the resolution, which can potentially be obtained. As discussed in 
Section 2.2 and shown in Figures 3–13 and 3–14, the SE and BSE are 
emitted from a surface area, which commonly is much larger than the 
beam diameter at the specimen surface. The large emitting area is 
caused by multiple elastic and inelastic electron scattering events 
within the excitation volume, whose size depends on the specimen 
composition and energy of the beam electrons. Only the SE1 and BSE1 
generated as the beam enters the specimen carry local information, 
while the SE2 and BSE2 carry information about the larger region sur-
rounding the point of beam entrance (cf. Figure 3–14). High-resolution 
information can be obtained from SE1 and BSE1 generated by an elec-
tron probe with a diameter at the specimen surface of about 1 nm or 
even less. A probe of that small size can be achieved by using fi eld 
emission electron sources, electromagnetic lenses with low aberration 
coeffi cients (cf. Eqs. 2.7, 2.8, and 2.10), and both highly stabilized accel-
eration voltage (cf. Eq. 2.8) and objective lens current. High-resolution 
scanning electron microscopy at conventional acceleration voltages—
that is 5–30 kV—will be treated in Section 3.1. Alternatively, high-
resolution information, in principle, can also be achieved when the 
excitation volume is reduced to a size similar to the SE1 and BSE1 emit-
ting area by using low-energy beam electrons. By defi nition, electrons 
below 5 keV are considered low-energy beam electrons and, conse-
quently, scanning electron microscopy at low energies is called scan-
ning low-energy electron microscopy or low (acceleration)-voltage 
scanning electron microscopy (LVSEM). This type of scanning electron 
microscopy will be treated in Section 3.2. However, the majority of 
commercial high-resolution SEMs are capable of operation at both con-
ventional energies, i.e., from 5 to usually 30 keV, and at low energies, 
i.e., below 5 keV down to usually 0.5 keV.

3.1 High-Resolution Scanning Electron Microscopy

3.1.1 Electron Guns
Three different types of electron guns are suitable sources for high-

the so-called Schottky emission cathode (SEC). The characteristic 
parameters of the different electron guns are listed in Table 3–1.

Schottky emission cathodes are of the ZrO/W(100) type—also called 
ZrO/W(100) thermal fi eld emitter (TFE)—and have a tip radius of 
0.6–1 µm (Tuggle and Swanson, 1985). The work function of the TFE is 
lowered to about 2.8 eV. In operation the SEC is heated to about 1800 K 
and electrons are extracted by a high electric fi eld, which lowers the 
potential barrier (Schottky effect). The SEC brightness is about three 
orders of magnitude higher and the energy spread of the emitted elec-
trons is about a factor of 2 lower than those for the thermionic W-

resolution SEM: the cold fi eld emission gun (FEG), the hot FEG, and 



210 R. Reichelt

cathode. Presently, the SEC in commercial high-resolution SEM is less 
frequently an electron source than the FEG.

The FEG usually consists of a very sharp [100] or [321] oriented 
tungsten single crystal and two anodes in front, which extract 
(fi rst anode) and accelerate or decelerate (second anode) the electrons 
by the electric fi eld to a fi nal energy E0 = eU (Figure 3–37). Caused by 
the small tip radius r, which is in the range of 10 to about 50 nm, the 
electric fi eld strength amounts to at least 108 V/cm with an extraction 
voltage of approximately 4–5 kV applied between the fi rst anode 
and the tip. Due to the high fi eld strength at the tip the width of the 
potential barrier is signifi cantly reduced and fi eld emissions take place. 
The fi eld emission current density jc is described by the Fowler–Nord-
heim equation

 jc = c1|E|2/Φ exp(−c2Φ3/2/|E|) (3.1)

where |E| ≈ U1/r, c1 and c2 depend weakly on |E|, and Φ is the work 
function of tungsten. The density jc depends strongly on |E|, and E can 
be varied by U1. The so-called cold FEG (CFEG) is operated at room 
temperature and generates a current density of typically 2 × 105 A cm−2. 
However, after several hours of work adsorbed gas layers have to be 
removed by short heating to about 2500 K (fl ashing), otherwise the 
emission current becomes very unstable. The distinct advantage of the 
cold FEG is the low-energy spread.

The hot FEG (HFEG) is operated at approximately 1800 K, which 
increases the energy spread to about twice that from the cold FEG. The 
current density is higher than for the cold FEG and typically amounts 
to 5 × 106 A cm−2. The advantage of the hot FEG is the less noisy emis-
sion current.

Anode

2nd

1st

U1

UH

U =
1-50 kV

–

+

Figure 3–37. Schematic drawing of the fi eld emission gun with an electrolyti-
cally polished sharp monocrystalline tungsten tip. The hot FEG operates the 
tip at high temperature heated by the applied voltage UH. U, acceleration 
voltage; U1, extraction voltage. [Adapted from Reimer (1993); with kind 
permission of the International Society of Optical Engineering (SPIE), 
Bellingham, WA.]
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Field emission guns require ultrahigh vacuum in the order of 10−8–
10−9 Pa in the gun chamber, which is generated by ion getter pumps. 
This means that SEMs equipped with an FEG need a sophisticated and 
consequently cost-intensive vacuum system. Another disadvantage of 
FEGs compared to the thermionic W-cathode is their signifi cantly 
lower short- and long-time beam current stability.

3.1.2 Electron Lenses
Electron lenses are used to demagnify the virtual source size, which 
amounts to 3–5 nm for both the cold and hot FEG, and about 20–30 nm 
for the SEG. To obtain and electron beam diameter of about 1 nm or 
less a demagnifi cation of only 10–100× is required in contrast to up to 
about 5000× for the thermionic emission triode gun (cf. Section 2.1.2). 
To achieve the smallest effective electron probe diameter, the spherical 
and the chromatic aberration constants have to be as small as possible 
[see Eqs. (2.7), (2.8), and (2.10)]. In the conventional SEM usually large 
working distances ranging from about 10 to 40 mm are used. Typical 
values of the spherical aberration constant Cs are 10–20 mm. Since Cs 
increases strongly with increasing WD (Cs ∼ WD3) suffi ciently small 
values of Cs ∼ 1–2 mm can be achieved only with very short WD, i.e., 
the focus of the electron beam has to be inside (so-called “in-lens” 
type) or very close to the objective lens [frequently called “semi-in-
lens” with a snorkel-type conical objective lens (Mulvey, 1974)]. The 
chromatic aberration constant Cc corresponds approximately to the 
focal length of the objective lens for large WD, i.e., also the chromatic 
aberration is strongly lowered at a very short WD. The shortest WD of 
the “in-lens” type SEM is about 2.5 mm in order to secure a specimen 
traverse in the x and y direction perpendicular to the optical axis as 
well as specimen tilt angles up to a maximum of |±15°|. Larger tilt 
angles obviously require a larger work distance. To obtain the minimum 
effective electron probe diameter under these conditions, the optimum 
aperture αopt has to be used [see Eq. (2.11)]. Presently, the highest reso-
lution obtained with the “in-lens” type FESEM at 30 keV using a test 

3.1.3 Detectors and Detection Geometries
The detectors used in fi eld emission scanning electron microscopes 
(FESEM) have been described in Section 2.1.3.1. The detection geome-
try depends on the particular type of the FESEM. The instruments 
using the conventional specimen position outside the objective lens 
(“out-lens”), i.e., the WD is in the range of about 5–30 mm, are com-
monly equipped with an ET detector located laterally above the speci-
men and a BSE detector located centrally above the specimen. The 
“semi-in-lens” instruments, where the specimen is outside but 
immersed in the fi eld of the objective lens, usually have both the detec-
tor arrangement of the “out-lens” type SEM and the “through-the-lens” 
detection, thus combining the advantages of both detection geometries. 
The “in-lens” type SEM is restricted to “through-the-lens” detection 
(cf. Section 2.1.3.2).

sample amounts to 0.4 nm (Hitachi, 2001).
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3.1.4 Specimen Stages
The purpose of the specimen stage in high-resolution scanning elec-
tron microscopes is of course the same as in conventional SEM, i.e., the 
stage has to allow for precise backlash-free movement, tilting, and pos-
sibly rotation of the sample during the investigation. As for conven-
tional SEM, there are optionally special specimen stages available that 
allow investigations of the specimen at elevated temperature, during 
different types of mechanical deformation, at positive or negative bias, 
and last at low temperature. Independent on the special type of speci-
men stage, a higher stability in terms of mechanical vibrations as well 
as mechanical or thermal drift is required to avoid any deterioration 
of the performance of the high-resolution SEM. The “in-lens”-type 
SEMs use side-entry specimen holders, which are almost identical to 
the ones used in TEMs (cf. Section 2.1.4). However, the limited space 
available in this type of SEM places some restrictions on the specimen 
stage for the ultimate resolution of “in-lens”-type FESEM.

3.1.5 Contrast Formation and Resolution
At high beam energy, e.g., 30 keV, the lateral extension of the excitation 
volume in the specimen is for carbon approximately 10 µm and for a 
high atomic number element such as gold about 1 µm (cf. Figure 3–13). 
Secondary and backscattered electrons are emitted from a surface area 
of the specimen, which corresponds in size to about the lateral exten-
sion of the excitation volume (cf. Figure 3–14). As discussed in Sections 
2.2.1 and 2.2.2, the SE2 and BSE2 represent the majority of the SE and 
BSE, respectively, whereas the SE1 and BSE1, both carrying high-
resolution information, represent the minority. Assuming for simplic-
ity an electron beam diameter of 1 nm, the ratio of the lateral size of 
the excitation volume and the beam diameter amounts to approxi-
mately 104 for carbon and 103 for gold. By choosing the magnifi cation 
such that the fi eld of view at the specimen surface approaches the 
lateral size of the excitation volume, i.e., related to a 100-mm image size 
about 10,000× for carbon and 100,000× for gold, both the SE2 and the 
BSE2 contributions will change in response to the features of the fi eld 
of view on the size scale of the excitation volume. In contrast to this 
the SE1 and BSE1 contributions will change in response to the features 
of the fi eld of view approximately on a size scale of the electron beam 
diameter. That means that in the course of scanning the electron beam 
across the fi eld of view, the SE2/BSE2 contribution only insignifi cantly 
varies from pixel to pixel whereas the SE1/BSE1 contribution depends 
sensitively on local features as small as the beam diameter. With a 
further increase of magnifi cation the fi eld of view becomes signifi -
cantly smaller than the lateral size of the excitation volume, conse-
quently the SE2/BSE2 contribution is almost constant over the image. 
The changes in the total SE/BSE signal are almost exclusively due to 
the SE1/BSE1 component and correspond to the changes in the very 
tiny volume where SE1/BSE1 are generated. Figure 3–38 shows an 
example of a high-resolution SE micrograph recorded from a test 
sample at a magnifi cation of 500,000×. The distinct changes in image 
intensity refl ect the variation of the SE1 component, which is due to 
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the large differences in the atomic number between the carbon and the 
Au–Pd particles. This type of test sample is usually used to demon-
strate the performance of SEMs.

The low SE yield of low atomic number specimens (cf. Figure 3–17) 
such as soft biological objects and polymers limits the resolution due 
to the poor SNR. However, the SNR can be improved signifi cantly by 
coating the specimen surface with an ultrathin very fi ne-grain metal 
fi lm (Peters, 1982) by Penning sputtering or by evaporation in oil-free 
high vacuum (cf. Section 2.4). The thickness of such fi lms can be as 
small as 1 nm and, as we shall see later, such ultrathin fi lms do not 
mask fi ne surface structures. In addition to improving the SNR the 
ultrathin coating plays an important role in contrast formation and the 
image resolution obtainable. As mentioned earlier, the SE1 arise from 
the area directly irradiated by the electron beam and its immediate 
vicinity caused by the delocalization of the inelastic scattering in the 
order of a very few nanometers (cf. Section 2.2). In the case of the speci-
men coated with an ultrathin metal fi lm the SE1 generation is confi ned 
almost exclusively to the fi lm. Figure 3–39a shows schematically the 
cross section of an object coated with a continuous metal fi lm of con-
stant thickness. As the electron beam is scanned across the object the 
projected fi lm thickness will vary between the nominal fi lm thickness 

Figure 3–38. High-resolution secondary electron micrographs of test specimens recorded with the 
“in-lens” fi eld emission scanning electron microscope S-5000 (Hitachi Ltd., Tokyo, Japan) at 30 kV (a) 
and 1 kV (b). The test specimens were Au–Pd particles on carbon (a) and magnetic tape evaporated 
with gold (b). The related power spectra are inserted at the top right. The dashed circles correspond 
to (0.6 nm)−1 (a) and (3.5 nm)−1 (b), respectively.
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and the maximum, which is several times greater than the nominal 
thickness. As shown by Monte Carlo calculations the SE1 yield increases 
very quickly with the thickness of the metal fi lm (Joy, 1984). For 
example, the Monte Carlo calculations by Joy (1984) reveal for chro-
mium and 20-keV electrons that half of the maximum SE1 yield is 
reached for a thickness of 1–1.5 nm only. The dependence of the SE1 
yield versus the thickness of a coating fi lm is shown schematically in 
Figure 3–39b. It indicates that the increase of the SE1 yield with the 
thickness slows down at twice the thickness at half of the maximum 
SE1 yield, i.e., the continuous fi lm should be as thin as possible. Monte 
Carlo calculations of the SE1 yield for some of the metals suitable for 
preparing ultrathin very fi ne-grain metal fi lms show a monotonic 
increase with the atomic number (Joy, 1991); thus some further improve-
ment of the SNR may be expected with high atomic number metals.

The ultrathin very fi ne-grain metal fi lm on the sample surface also 
improves the BSE1 component signifi cantly, thus improving the SNR 
in high-magnifi cation BSE micrographs. The BSE1 are very important 
for high-resolution SEM because the elastic electron scattering is 
strongly localized. The intensity of the BSE1 component increases with 
the projected fi lm thickness, i.e., increases with the number of atomic 
scattering centers. Since the BSE coeffi cient strongly increases with the 
atomic number (cf. Figure 3–17), the BSE1 component of the metal fi lm 
is signifi cantly larger than the contribution from the coated low-atomic 
number specimen. The same is also true for small metal clusters or 
small particles at the specimen surface, e.g., such as colloidal gold down 
to a minimum diameter of 0.8 nm (Hermann et al., 1991), which can be 
identifi ed unambiguously in the high-resolution BSE micrograph.

3.1.6 Selected Applications
Since the achievable resolution is the main difference between the 
high-resolution fi eld emission SEM and the conventional SEM, it is 
obvious that the high-resolution SEM (HRSEM) can readily handle 
almost all of the applications mentioned in Section 2.6. Exceptions are 
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Figure 3–39. Schematic cross section of a specimen coated with an ultrathin continuous metal layer 
of constant thickness (a). The projected mass thickness of the metal layer varies as the electron beam 
is scanned across the specimen. (b) Graph of the SE1 yield versus the thickness of the coating fi lm.
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possibly, such as applications in which high emission currents (cf. Table 
3–1) or high electron beam current stability are indispensable. Because 
vacuum conditions in FESEMs are more strict concerning the pressure 
in the specimen chamber (at least one order of magnitude less than in 
CSEM) as well as the content of gaseous hydrocarbons and hydrocar-
bons at the specimen, some specimens may not meet the requirements 
for cleanness and very low partial pressure. However, if high-
resolution FESEM is applied instead of CSEM, more information about 
the specimen will be obtained due to the higher resolution as soon as 
the magnifi cation used exceeds approximately 10,000× to 20,000×. That 
means that lateral resolutions requiring magnifi cations clearly beyond 
about 20,000× belong to the dedicated domain of high-resolution 
SEM.

The following few applications selected from an almost unlimited 
quantity should domonstrate the strength of HRSEM in several fi elds 
of research. It is clearly beyond the scope of this section to discuss in 
this context specifi c details about the specimens and imaging 
techniques.

Figure 3–40a shows the secondary electron micrograph of a regular 
protein surface layer of a bacterial cell envelope. The specimen was 
unidirectional shadowed with an ultrathin tungsten layer leaving an 
uncoated region behind the latex bead. Comparison of the regular 
structure of the HPI layer in the coated and the uncoated region shows 
that the contrast in the uncoated area is signifi cantly lower than in the 
coated region, though the resolution of structural details is very similar 
as verifi ed by the related power spectra. This example also demon-
strates that coating with the ultrathin very fi ne-grain metal fi lm does 
not mask fi ne structural features. On principle, a similar resolution can 
also be obtained with nonregular organic specimens, however, it 
remains more diffi cult to quantify unambiguously the resolution 
obtained.

An extremely important application of HRSEM, as yet unrivaled by 
other surface imaging techniques, is the localization of molecules on 
surfaces by immunolabeling techniques (for review see, e.g., Griffi th, 
1993; Hayat, 1989/1991, 2002; Polak and Varndell, 1984; Verkleij and 

started more than 20 years age (de Harven et al., 1984; Gamliel and 
Polliack, 1983; Hicks and Molday, 1984; Molday and Maher, 1980; 
Walther and Müller, 1985, 1986; Ushiki et al., 1986). Since then efforts 

microscopy in terms of localization precision, contrast, and SNR (e.g., 
Albrecht et al., 1988; Hermann et al., 1991; Hirsch et al., 1993; Simmons 
et al., 1990). While the colloidal gold can be localized directly in the 
BSE image, the precision of the indirect localization of the antigen 
depends on the type of labeling and the size of the colloidal gold and 
ranges from less than 5 to about 30 nm (Baschong and Wrigley, 1990; 
Müller and Hermann, 1990). Figure 3–41b demonstrates the unambig-
uous detection of immunogold-labeled calcium-binding birch pollen 
allergen Bet v4 in birch pollen using 10 nm colloidal gold (Grote et al., 
1999b). The BSE micrograph shows the topographic features and the 

were made to optimize the technique of immuno-scanning electron 

Leunissen, 1989). The use of HRSEM for immunoelectron microscopy 
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small colloidal gold beads as sharp bright spots due to the material 

microscopy has been established as a trusted technique and, with the 
commercial availability of high-quality gold probes (available in sizes 
ranging from 1 to 40 nm), is used in many electron microscopic labo-
ratories for various studies (e.g., Apkarian and Joy, 1988; Erlandsen 
et al., 1995; Grote et al., 2000; Müller and Hermann, 1992; Ris and 
Malecki, 1993; Yamaguchi et al., 1994).

The interior structure of biological specimens is accessible by HRSEM, 
if samples are rapidly frozen and opened by cryofracturing or cryoul-

Figure 3–40. Secondary electron micrograph of a regular protein surface layer [hexagonally packed 
intermediate (HPI) layer (Baumeister et al., 1982)] of Deinococcus radiodurans recorded with an “in-lens” 
FESEM at 30 kV (a). The specimen was unidirectional shadowed (see arrow) at an elevation angle of 45° 
with a 0.7-nm-thick tungsten layer leaving an uncoated region behind the latex bead. The power spectra 
of a coated (b) and an uncoated (c) region of the HPI layer reveal the resolution obtained (outermost dif-
fraction spots are indicated and the corresponding reciprocal values of resolution are given). The con-
trast in the uncoated region is about 15–20% of that from the coated region. [Micrograph kindly provided 
by Dr. R. Wepf; from Reichelt (1995); with kind permission of GIT Verlag, Darmstadt, Germany.]

contrast. However, for more than a decade immuno-scanning electron 
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tramicrotomy. After partial freeze-drying and double-layer coating of 
the block face, the specimen can be directly analyzed in the cryo-SEM 
(Echlin, 1971; Hermann and Müller, 1993; Walther et al., 1995). Figure 
3–42 shows for comparison the BSE micrograph of the cryosectioned 
and the cryofractured block face of high-pressure frozen yeast cells 
(Walther and Müller, 1999). At low magnifi cation the cryosectioned 
block face appeared very fl at in the image (Figure 3–42a), whereas the 
cryofractured face exhibits the typical rough fracture pattern (Figure 
3–42c). At high magnifi cation (Figure 3–42b and d) the cytoplasm 
appeared densely packed with different classes of particle. Particles as 
small as 25 nm can be visualized clearly. It is important to mention that 
the typical artifacts of cryosections such as compression and crevasses 
are not visible on the block face.

Both strengths of the HRSEM, namely the high resolution and the 
high depth of focus, are required to resolve surface structures at the 
nanometer scale on tilted surfaces randomly oriented. One typical 
example with submicrometer-sized crystalline zeolite particles is shown 
in Figure 3–43. The HRSEM is the tool most suited to characterize the 
habit of the individual particles as well as to visualize the fi ne surface 
structure such as growth steps of terraces (see, e.g., González et al., 
2004). The growth step-edge height, usually in direct relation to the unit 
cell dimension and important in understanding the crystal growth 
mechanism of this novel microporous material, cannot be measured 
precisely by HRSEM, but the atomic force microscope (AFM) enables 
measurement of direct height with subnanometer resolution. Thus, the 
combination of the two high-resolution surface-imaging methods 
HRSEM and AFM is strongly advisable to obtain more complete 
information as demonstrated by different applications (e.g., González 
et al., 2004; Huang et al., 2004; Keller and Chih-Chung, 1992; Lian et al., 
2005; Stracke et al., 2003; Wang et al., 2004; Z. X. Zhao et al., 2005).

Figure 3–41. Secondary electron micrograph from a birch pollen at low magnifi cation (a) and the 
backscattered electron micrograph at high magnifi cation recorded with an “in-lens” FESEM at 10 kV. 
Immunolabeling of the calcium-binding birch pollen allergen Bet v4 in dry and rehydrated birch 
pollen was performed using 10-nm colloidal gold (for more details see Grote et al., 1999a,b). The BSE 
image shows superimposed topographic and material contrast. The colloidal gold beads are unam-
biguously detected in the BSE micrograph as tiny bright spots.
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HRSEM is also a very valuable tool for the evaluation of mechanical 
properties of structural materials. For example, most structural materi-
als are strengthened by fi ne particles of second phases usually having 
diameters less than 500 nm. The strengthening effect is primarily gov-
erned by the mean size, the size distribution, and the volume fraction 
of the particles. Both HRSEM and AFM allow for the precise determi-
nation of the mean size, size distribution, and volume fraction of the 
particles as demonstrated by Fruhstorfer et al. (2002). Figure 3–44 
shows the SEM micrograph (Figure 3–44a) and the AFM topograph 
(Figure 3–44c) of the electrolytically polished surface of the superalloy 
NIMONIC PE16 with the protruding caps of the second phase parti-

Figure 3–42. BSE micrographs of high-pressure frozen yeast cells recorded in an “in-lens” cryo-
FESEM at 10 kV. (a and b) Block face after cryosectioning and (c and d) block face after freeze facturing. 
The block faces were double-layer coated with 2.5 nm platinum/carbon and subsequently with 5–10 nm 
carbon. The cytoplasm from both the sectioned (b) and the fractured (d) sample appears to consist of 
particles with variable size. [From Walther and Müller (1999); with kind permission of Blackwell 
Publishing Ltd., Oxford, U.K.]
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cles. In contrast to AFM, where corrections were necessary to take into 
account the exact tip radius, corrections for the very small electron 
probe diameter are not urgently required in HRSEM. The size distribu-
tion function and mean radius of the second phase particles calculated 
from HRSEM (Figure 3–44b) and AFM (Figure 3–44d) data are in excel-
lent agreement with those gained earlier by TEM (Nembach, 1996). The 
distinct advantages of HRSEM in this application are that micrographs 
are readily recorded and the data can be processed without additional 
correction procedures.

The characterization of porous materials such as porous silicon or 
porous aluminum oxide gains increasing attention because of impor-
tant potential applications (see, e.g., Anglin et al., 2004; Galca et al., 
2003; Pan et al., 2004; Yamazaki, 2004; Z. X. Zhao et al., 2005; Y. C. Zhao 
et al., 2005). Among others, HRSEM is an indispensable tool for struc-
tural characterization of porous materials taking advantage of the large 
depth of focus and the high resolution obtainable. Figure 3–45 shows 
high-resolution SE and BSE micrographs of the surface and cross 
section of porous aluminum oxide, which exhibits a network with 
randomly distributed, but almost perfectly aligned cylindrical pores 
perpendicular to the substrate. The simultaneous imaging of the surface 
and the cross section reveals information about the three-dimensional 
specimen structure. Under the conditions given the SE mode yields 
higher resolution than the BSE mode.

However, the BSE mode is of signifi cant importance if greater infor-
mation depth and material differentiation are required. Figure 3–46 
shows SE and BSE micrographs of tem perature-sensitive hydrogels, 
based on poly (vinylmethyl ether) (PVME), with ferromagnetic proper-
ties due to incorporated nickel particles used as ferromagnetic fi ller. 
The contrast in the SE micrograph (Figure 3–46a) is mainly caused by 

Figure 3–43. Secondary electron micrograph of zeolite FAU (faujasite) parti-
cles recorded with an “in-lens” fi eld emission SEM at 10 kV. The particles are 
adsorbed to a thin hydrophilic amorphous carbon fi lm and rotary shadowed 
with 1.5 nm platinum/carbon (Pt/C) at an elevation angle of 65° and, addition-
ally, unidirectional shadowed with 2 nm Pt/C at an elevation angle of 10°. The 
habit, intergrowth of particles, and growth steps at the surface are clearly 
visible. (Specimen kindly provided by Dr. G. Gonzaléz, Instituto Venezolano 
de Investigaciones Científi cas, Caracas, Venezuela.)
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Figure 3–44. Surface of electrolytically polised superalloy NIMONIC PE16. Secondary electron micro-
graph recorded with an “in-lens” FESEM at 10 kV (a) and AFM topograph (c). The related distribution 
functions g of the true radii ρ are shown for the HRSEM in (b) and for the AFM in (c). [Adapted 
from Fruhstorfer et al. (2002); with kind permission of Taylor & Francis Ltd., http://www.tandf.co.uk/
journals.

the very thin membrane-like PVME, which envelops the nickel parti-
cles, whereas the BSE image (Figure 3–46b) has a strong material con-
trast component due to the nickel particles underneath the PVME 
membrane. This new class of hydrogels is of great interest for delivery 
of materials at the micro- and nanometer scale.

As mentioned in Section 2.2.3, the high-resolution “in-lens” FESEM 
equipped with an annular dark-fi eld detector is capable of mass mea-
surements on thin specimens (Engel, 1978; Wall, 1979) at a resolution 
close to that of a dedicated STEM (Reichelt et al., 1988; Krzyzanek and 
Reichelt, 2003; Krzyanek et al., 2004). Mass measurement of molecules 
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and molecular assemblies are of great importance in biophysics and 
structural biology (for review see, e.g., Müller and Engel, 2001).

Finally, nanotechnology and “nanoelectromechanical systems” 
(NEMS) are additional fi elds in which HRSEM is used as a tool for 
monitoring processes, detecting defects, or measuring sizes and dis-
tances, e.g., in nanodevices, which will contain nanotubes, nanoparti-
cles, nanowires, and other particles (see, e.g., Aoyagi, 2002; Nagase and 
Kurihara, 2000; Nagase and Namatsu, 2004).

3.2 Low- and Very-Low-Voltage Scanning Electron Microscopy

Scanning electron microscopy with electron energies below 5 keV is 
usually designated as scanning low-energy electron microscopy 

Figure 3–45. High-resolution micrographs of the surface (upper part of image) and the cryosectioned 
cross section (lower part of image) of porous aluminum oxide recorded with an “in-lens” FESEM at 
8 kV with SE (a) and BSE (b). The specimen is rotary shadowed with 1.5 nm platinum/carbon. The bar 
corresponds to 200 nm. (Specimen kindly provided by Drs. C. Blank and R. Frenzel, Institut für Poly-
merforschung Dresden e.V., Dresden, Germany.)

Figure 3–46. High-resolution micrographs of poly(vinyl methyl ether) (PVME) hydrogel with ferro-
magnetic properties fi lled with submicrometer nickel particles in the swollen state. The hydrogel was 
rapidly frozen, freeze dried, and rotary shadowed with an ultrathin layer of platinum/carbon. The SE 
(a) and BSE (b) micrograph were recorded with an “in-lens” FESEM at 10 kV, (Specimen kindly pro-
vided by Dr. K.-F. Arndt, Institut für Physikalische Chemie und Elektrochemie, Technische Universität 
Dresden, Dresden, Germany.)
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(SLEEM) or, related to the acceleration voltage, LVSEM. The energy of 
5 keV can be considered as some threshold energy because the monotonic 
dependence of the BSE coeffi cient on the atomic number breaks below 
this (cf. Section 2.2.2). A second prominent energy threshold is at about 
50 eV, which corresponds to the electron energy with minimum inelastic 
mean free path of electrons in matter (Seah and Dench, 1979). Therefore, 
scanning microscopy with electron energies below 50 eV is designated as 
scanning very low-energy electron microscopy (Müllerova and Frank, 
2003) or, related to the acceleration voltage in the scanning mode, very 
low-voltage scanning electron microscopy (VLVSEM).

What is the motivation for low electron energy operation in SEM? 
What are the advantages expected at low energies and what are the 
inherent disadvantages?

Clearly, almost all of the advantages for working at low energy 
derive directly from the energy dependence of the electron–specimen 
interaction (see Section 2.2). The advantages include the following:

1. The penetration depth of the impinging electrons decreases with 
decreasing energy due to the reduced electron range R [Eq. (2.29)], i.e., 
the excitation volume in the specimen shrinks (cf. Figure 3–13) and the 
volume emitting SE2 and BSE2 approaches the volume emitting SE1 
and BSE1 (cf. Figure 3–14). As a result the edge effect, i.e., overbrighten-
ing of edges, is strongly reduced or even suppressed completely.

2. The SE yield δ increases because of the reduced electron range 
and the SE are generated near the surface, where they can escape (cf. 
Figure 3–15). As a result, the SNR of the SE signal increases with 
decreasing energy as low as E0,m.

3. As the SE yield increases, the total amount of emitted electrons 
approaches unity (cf. Figure 3–16). Because of the conservation of elec-
tric charge [Eq. (2.40)] the amount of incoming and emitted charges is 
balanced and, consequently, the specimen current equals zero. That 
means that at this particular electron energy E2 no electric conductivity 
of the specimen is required. Ideally, imaging of electric insulators 
without conductive coating becomes possible. For normal incidence, E2 
is within the range 0.5–5 keV for most of the materials. E2 increases 
with the increasing angle of beam incidence θ according to

 E2(θ) = E2(0)/cos2θ (3.2)

where E2(0) = E2(θ = 0) (Joy, 1989), i.e., increases as θ increases.
4. As mentioned above, the monotonic de-pendence of the BSE coef-

fi cient on the atomic number breaks below 5 keV (Reimer and Tollkamp, 
1980; Schmid et al., 1983). This behavior enables the material contrast 
in the BSE image to be fi netuned by choosing the most suitable electron 
energy (Müllerova, 2001).

5. There is a reduced depth of specimen radiation damage (see 
Section 2.5). At very low electron energies, say less than 30 eV, the 
elastic scattering dominates and radiation damage becomes negligible 
(Müllerova and Frank, 2003).

The problems and disadvantages inherent to microscopy at low elec-
tron energy concern both the instrumentation and the specimen include 
the following:
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1. Reduced resolution due to chromatic aberration and diffraction 
[see Eqs. (2.8)–(2.10)].

2. Stronger sensitivity of the electron beam to electromagnetic stray 
fi elds.

3. Special detector strategies required for SE and BSE.
4. Enhanced contamination rate, which can be counteracted by 

ultrahigh vacuum.
5. Reduced topographic contrast in SE and BSE micrographs. For 

electron energies below 5 keV, the increase of SE yield δ(θ) with 
increasing θ [cf. Eq. (2.31)] drops way down to 0.5 keV as shown for 
different metals experimentally and by Monte Carlo simulation 
(Joy, 1987a; Böngeler et al., 1993). Similarly, the backscattering co-
effi cient η(θ) shows less increase with θ than given by Eq. (2.34), 
which is more pronounced at low electron energies (Böngeler et al., 
1993).

6. Reduced material contrast, because the differences of the back-
scattering coeffi cient between low and high atomic number material 
become smaller (Darlington and Cosslett, 1972; Lödding and Reimer, 
1981; Reimer and Tollkamp, 1980).

3.2.1 Electron Lenses
Modern commercial fi eld emission scanning electron microscopes can 
operate usually from 30 keV down to 1 keV or even 0.5 keV, i.e., that 
energy range covers conventional electron energies and most of the 
low-energy region. Improved computer-aided methods enable electron 
optical systems to be designed that have high performance within 
the whole energy range mentioned above. Compared with the old-
fashioned thermionic gun scanning electron microscopes the aberra-
tion coeffi cients of the objective lens were improved dramatically for 
modern fi eld emission instruments commercially available: Cs was 
reduced by a factor of about 30 down to Cs = 1.6 mm (Uno et al., 2004), 
and Cc was reduced by a factor of about 10. With the ultrahigh-
resolution objective lens, the CFEG, improved electrical and mechani-
cal stability, as well as strongly reduced specimen contamination rate, 
the resolution obtained with test specimens amounts presently to 
0.5 nm (at 30 keV) and 1.8 nm (at 1 keV) (Sato et al., 2000). Those values 
are exemplary for the high performance of commercial FESEM over an 
energy range from 1 to 30 keV, though obtained with special test speci-
mens. Very recently, a new commercial FESEM became available 
equipped with a spherical and chromatic aberration corrector, which 
consists of four sets of a 12-pole component that corrects the spherical 
and chromatic aberration simultaneously (Kazumori et al., 2004). Using 
the spherical and chromatic correction, the resolution obtained with 
the test specimen amounts to 1.0 nm (at 1 keV) and 0.6 nm (at 5 keV) 
(Kazumori et al., 2004).

Electrostatic as well as combined magnetic and electrostatic lenses 
in LVSEM are a very interesting alternative to the magnetic lenses 
mentioned above. Microscopes equipped with this type of objective 
lens permit nonconstant beam energy along the column, i.e., the beam 
electrons pass the column with high energy and are decelerated to low 
energy in the immersion electrostatic lens. First, the magnitude of the 
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aberrations of immersion electrostatic lenses corresponds to the high 
energy at the entrance side. A more detailed treatment of the estima-
tion of electrostatic lenses is beyond the scope of this section (see, e.g., 
Lencová and Lenc, 1994; Lencová, 1997). Second, the high electron 
energy in the column is advantageous because the gun brightness 
increases with electron energy [see Eqs. (2.4) and (3.1)] and electromag-
netic stray fi elds result in less deterioration of the electron beam at high 
energy. The combined magnetic–electrostatic objective lens (Frosien 
et al., 1989) has aberration coeffi cients as low as Cs = 3.7 mm and Cc = 
1.8 mm. Martin et al. (1994) achieved with this lens a resolution of 
2.5 nm at 5 keV, 4.0 nm at 1 keV, and 5.0 nm at 0.5 keV.

Very low landing energies of the electrons can be realized with a 
retarding-fi eld SEM. There are several retarding-fi eld confi gurations 
described in the literature but basically in all of them the specimen is 
connected to the adjustable bias supply Usp (e.g., Zworykin et al., 1942; 
Paden and Nixon, 1968; Zach and Rose, 1988a,b; Munro et al., 1988; 
Müllerova and Lenc, 1992). The landing energy of the beam electrons 
simply is given by the difference E0 − eUsp. Using retarding-fi eld SEM, 
landing energies of a few electronvolts are achievable and recently 
micrographs with refl ected electrons even at 0.5 eV were obtained 
(Müllerova et al., 2001).

With the availability of magnetic materials having high coercive 
force permanent rare-earth-metal magnets attract attention as replace-
ments for magnetic lens coils (Adamec et al., 1995). Khursheed (1998) 
proposed a portable SEM column design, which makes use of perma-
nent magnets. The column of this miniature SEM amounts to a height 
of less than 12 cm and is designed to be modular, so that it can fi t onto 
different specimen chamber types, and can also be readily replaced. 
Focusing of the electron beam onto the specimen can be achieved by 
varying the specimen height or by an outer magnetic slip ring on the 
objective lens, which controls the strength of the magnetic fi eld on the 
axis. Scanning of the beam is performed by defl ection coils, which are 
located above and within the permanent magnet objective lens. A high-
resolution miniature SEM with a total height of less than 5.5 cm, pro-
posed by Khursheed (2000), uses a permanent magnet objective lens 
that lies outside the vacuum with spherical and chromatic aberration 
coeffi cients (parameters: E0 = 1 keV, WD = 7.5 mm) of 0.36 and 0.6 mm, 
respectively. These aberration coeffi cients are about an order of mag-
nitude smaller than those for conventional SEMs with comparable 
working distance conditions.

Miniaturization of the SEM column has advantages such as micro-
lenses with small aberration coeffi cients, reducing the infl uence of 
electromagnetic stray fi elds and of the electron–electron interaction, 
improving the mechanical stability, and reducing the demands on 
space for the microscope. Chang et al. (1990) proposed a miniaturized 
electron optical system consisting of a fi eld emission microsource and 
an electrostatic microlens for probe forming with performance, exceed-
ing that of a conventional system over a wide range of potentials (0.1–
10 kV) and working distances (up to 10 mm). Liu et al. (1996) proposed 
another design that has a column length of only 3.5 mm and can be 
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operated over a wide retarding range of potentials (0.1–10 kV). The 
instrument has an optimized design (mircoeinzel lens followed by a 
retarding region) to minimize the primary beam diameter and to maxi-
mize secondary electron collection (approximately 50% of SE are 
collected).

3.2.2 Detectors and Detection Strategies
As mentioned previously, modern commercial FESEMs can operate 
usually from 30 keV down to 1 keV or even 0.5 keV; the commonly used 
detectors and detection strategies of these instruments were discussed 
in Sections 2.1.3 and 3.1.3. It is clear from Figure 3–12 that the lower 
the energy E0 of the beam electrons the lower the energy difference 
between the secondary and backscattered electrons. The lower the dif-
ference of the different signal electrons the more diffi cult is their sepa-
ration. At very low electron landing energies SE and BSE are almost 
indistinguishable, thus the total emission is detected.

Very recently, Kazumori (2002) proposed two new SE detection 
systems in a commercial FESEM, the so-called “r-fi lter” and the “Gentle 
Beam,” for high-resolution observation of tiny regions of uncoated 
specimens that include domains with low or no electrical conductivity 
at low electron energies. The “r-fi lter” is an energy-selective SE detec-
tion system, and the “Gentle Beam” system consists of a strongly 
excited conical lens (semi-in-lens type) that can retard the beam elec-
trons and works together with the 1–2 kV negatively biased specimen. 
The “Gentle Beam” system improves the obtainable resolution signifi -
cantly for acceleration voltages below 3 keV. SE micrographs of good 
quality down to 100 V can be recorded by the system (Kazumori, 
2002).

In the past few years there have been many attempts to improve the 
noise and time characteristics of semiconductor detectors, to improve 
the properties of microchannel plate detectors, and to increase the light 
output as well as lower the energy threshold of scintillator-based BSE 
detectors below 2 keV (Autrata and Schauer, 2004; Schauer and Autrata, 
2004). Compared with the semiconductor detectors and the MCP, the 
scintillator-photomultiplier still possesses the best SNR and bandwidth 
characteristics.

3.2.3 Contrast Formation
The contrast formation in LVSEM and VLVSEM is controlled—as at 
conventional electron energies—by the electron specimen interaction 
at the electron energy used, the specifi c signal considered, the detector, 
and the detection geometry. However, the contrast formation at low 
energies is much more complex than for electron energies ranging from 
5 to 30 keV. A variety or reasons accounts for this complexity. For 
example, the BSE coeffi cient is for a given material almost constant and 
the SE yield depends just weakly on the electron energy for E0 ≥ 5 keV. 
In contrast to this, the monotonic increase of the BSE coeffi cient with 
rising atomic number breaks below 5 keV as previously mentioned and, 
additionally, the BSE coeffi cient becomes dependent on the electron 
energy for many chemical elements. Furthermore, the signals obtained 
at low electron energies are affected more strongly on electron beam-
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induced contamination or other thin layers on the surface, which is 
caused by the strongly reduced electron range.

Nevertheless, the main types of contrast, such as topographic, com-
positional, voltage, electron channeling, crystal orientation, and type-1 
and type-2 magnetic and mass-thickness contrast, are also observed in 
LVSEM, although it is in many respects different from that obtained at 
conventional energies. There are also several observations that evi-
dently show some “chemical” or “electronic” contrast, i.e., contrast that 
does not result from an increase in the mean atomic number of the 
specimen (e.g., Wollman et al., 1993; Bleloch et al., 1994; Perovic et al., 
1994). Although these effects may also be visible at conventional ener-
gies they are most readily observed at low energies where the SE yield 
is higher.

The thickness contrast described in Section 3.1.5 also plays an impor-
tant role in LVSEM of electric insulators. Though direct imaging of 
electrical insulators without electric charge-up should be feasible at 
electron energy E2, where incoming and emitted charges are balanced, 
in practice it often does not work for various reasons. Therefore, coating 
the specimen surface with an ultrathin very fi ne-grain metal fi lm 
(Peters, 1982) by Penning sputtering or by evaporation in oil-free high 
vacuum is often done. As in high-resolution SEM with con ventional 
beam energies, the fi lm plays an important role in contrast formation, 
in image resolution obtainable, and in the improvement of the SNR. 
The image contrast of coated specimens essentially depends on the 
projected fi lm thickness, which will vary between the nominal fi lm 
thickness and the maximum fi lm thickness, which is several times 
greater than the nominal thickness in tilted regions (cf. Figure 3–39a). 
Monte Carlo calculations of the SE yield of a fi lm of chromium at 2 keV 
also prove for low electron energy a monotonic increase with fi lm 
thickness (Joy, 1987a).

3.2.4 Selected Applications
The application of LVSEM and VLVSEM logically seems likely in cases 
in which SEM at conventional acceleration voltages obviously would 
fail, e.g., the investigation of uncoated insulating materials and 
radiation-sensitive semiconductors. Another compelling reason is the 
necessity of a reduced electron range, e.g., with specimens having one 
or more very thin surface layers and samples possessing a spongy- or 
foam-like fi ne structure. SEM studies of these types of specimens aim 
at information restricted to the surface-near zone. With ever decreasing 
device dimension and fi lm thickness this issue becomes more and 
more crucial. There are also noncompelling, but still for good reasons, 
which may aim at optimum imaging conditions at low electron energy, 
or LVSEM may be part of a series of increasing or decreasing electron 
energies over a wide energy range as used for depth profi ling. Finally, 
there are also applications of LVSEM that may also work at conven-
tional energies but are most readily obtained at low energies.

The LVSEM is widely applied to semiconductor structures relating 
to an examination of their geometry, critical dimensions, and local 
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voltages or currents, which may be either biased or induced by the 
electron beam. One example of an integrated circuit was previously 
shown in Figure 3–30. Figure 3–47 shows the cross-fractured semicon-
ductor structure with Schottky barrier on tungsten contacts. A nano-
structured two-dimensional lattice of 100-nm spaced inverted square 
pyramids in silicon used as standard for scanning probe microscopy 
is shown in Figure 3–48. Imaging of the uncoated lattice is necessary 
to avoid modifi cations of the standard by thin fi lm coating, thus LVSEM 
is most appropriate.

Another challenging application for LVSEM is the quantitative char-
acterization of the geometry and radius of very sharp tips for atomic 
force microscopy, which are necessary for many quantitative measure-
ments with the AFM (e.g., Fruhsdorfer et al., 2002; Matzelle et al., 2000, 
2003). Figure 3–49 shows two extremely sharp commercial tips. The 
tip radius at the very end amounts typically to 2–3 nm, thus only SE1 
contribute to the signal. An optimum quality of SE imaging in terms 
of sharpness, contrast, and SNR can be obtained with electron energies 
ranging from about 3 to 10 keV. It seems worth mentioning that very 
sharp tips are interesting samples with which to study experimentally 
the delocalization of the secondary electrons.

The characterization of organic mono- and multilayers on solids is 
especially valuable in technology development, such as bio- and che-
mosensors, since detailed information on the fi lm surface and its mor-
phology is obtained. Figures 3–50 to 3–53 demonstrate with different 
mono- and multilayered ultrathin uncoated and coated organic fi lms 
how direct information about the fi lm thickness, step heights of the 
fi lm, and differences in the “chemistry” and molecular packing density 
can be obtained. As shown by Figure 3–50a, upward and downward 
steps with height differences of a few nanometers can be readily 

Figure 3–47. Secondary electron micrograph (“through-the-lens” detection) 
of a cross-fractured semiconductor structure with Schottky barrier on tung-
sten contacts. The image was recorded at 3.04 kV. The cross-fracture reveals 
the interior features and the potential barrier of 0.6 eV (dark due to voltage 
contrast). (Courtesy of Carl Zeiss NTS, Oberkochen, Germany.)
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Figure 3–48. Secondary electron micrographs of an uncoated 100-nm calibra-
tion standard made from silicon for scanning probe microscopy (NANO-
WORLD, Neuchatel, Switzerland) recorded with an “in-lens” fi eld emission 
SEM at 3 kV. The calibration standard consists of a two-dimensional lattice 
(lattice constant = 100 nm) of inverted pyramids shown at different magnifi ca-
tions (a and b). (c) Structural details of a large pyramidal pit.
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Figure 3–49. Secondary electron micrographs of uncoated SuperSharpSilicon AFM Probe silicon 
cantilevers for noncontact/tapping mode (NANOWORLD, Neuchatel/Switzerland) in atomic force 
microscopy recorded with an “in-lens” fi eld emission SEM at 3 kV (a) and at 10 kV (b). The tip radius 
of both tips amounts to about 2–3 nm.

Figure 3–50. Secondary electron micrographs of a phospholipid/protein fi lm [dipalmitoylphosphati-
dylcholine (DPPC):dipalmitoylphosphatidylglycerol (DPPG) (ratio = 4 : 1)/pulmonary surfactant 
protein C (SP-C; 0.4 mol%)] supported by a silicon wafer. The organic fi lm has terrace-like regions of 
different thickness (height differences between terraces are between 5.5 and 6.5 nm (von Nahmen et 
al., 1997). Micrographs were recorded with an “in-lens” FESEM at 2 keV from the ultrathin platinum/
carbon-coated fi lm (tilted 40° around the horizontal axis) (a) and at 1.8 keV from the uncoated fi lm (b). 
[Specimens kindly provided by Dr. H.-J. Galla and Dr. M. Siebert, Institut für Biochemie, University 
of Münster, Münster, Germany.)
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Figure 3–51. Secondary electron micrograph (a) and AFM topography (b) of the same area of an 
uncoated phospholipid/protein fi lm [dipalmitoylphosphatidylcholine (DPPC):dipalmitoylphosphati-
dylglycerol (DPPG) (ratio = 4 : 1)/pulmonary surfactant protein C (SP-C; 0.4 mol%)] supported by a 
silicon wafer. The organic fi lm has terrace-like regions of different thickness [height differences 
between terraces are between 5.5 and 6.5 nm (von Nahmen et al., 1997)]. The micrograph was recorded 
with an “in-lens” FESEM at 2 keV. The scale inbetween (a) and (b) represents the coding of brightness 
relative to the height used in the topograph (b). (Specimens kindly provided by Dr. H.-J. Galla & Dr. 
M. Siebert, Institut für Biochemie, University of Münster, Münster, Germany.)

Figure 3–52. Secondary electron micrographs of a patterned self-assembled thiol monolayer on poly-
crystalline gold recorded at 2 keV with the “in-lens” FESEM. (a) Uncoated monolayer. The circular 
domains consist of —S(CH2)15CH3 molecules (hydrophobic), which are surrounded by —S(CH2)12OH 
molecules (hydrophilic). The contrast is due to the different end groups rather than to the small dif-
ference in chain length. (b) Monolayer coated with an ultrathin platinum/carbon fi lm. (Specimen 
kindly provided by Dr. G. Bar, Freiburger Material Forschungszentrum, Freiburg, Germany.)
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Figure 3–53. Secondary electron micrographs (A and B) and AFM topographs (C and D) of the same 
area of a 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) monolayer on a silicon wafer 
having domains with densely [liquid condensed (LC) phase] and losely [liquid expanded (LE) phase] 
packed molecules. The specimen was masked by a TEM fi nder grid and then coated with an ultrathin 
platinum/carbon fi lm to obtain neighboring coated and uncoated areas on the specimen (for details 
see Bittermann et al., 2001). The SE micrographs were recorded with an “in-lens” FESEM at 5 keV. The 
brighter regions of the SE micrograph (B) correlate with the elevated domains (LC phase) in the AFM 
topograph (D), whereas the darker regions correlate with the LE phase. In contrast to the SE micro-
graph (A) the height differences in coated areas of the fi lm, which are related to its molecular packing 
density, are still visible in the AFM topograph (C). [From Bittermann et al. (2001); with kind permis-
sion of the American Chemical Society, Columbus, OH.]
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identifi ed on a tilted sample coated with an ultrathin con ductive fi lm. 
Whereas the step of constant height reveals in an “in-lens” SEM a 
constant intensity at normal electron beam incidence, tilting causes an 
asymmetry such that steps can face upward or downward, which leads 
to an increase or decrease of their image intensities, respectively. 
Uncoated organic layers on solids usually reduce the SE yield as shown 
in Figure 3–50b. As demonstrated in Figure 3–51 by a comparison of 
an SE micrograph with an AFM topograph of the same area, the SE 
intensity decreases with increasing thickness of the organic layer 
(Reichelt, 1997). The monotonic dependence of SE intensity and the 
thickness of the organic fi lm enables its thickness to be mapped without 
destruction of the fi lm. The infl uence of organic fi lm thickness on the 
SE yield vanishes after ultrathin coating of the organic fi lm as proven 
by Figure 3–50a.

Figure 3–52a demonstrates that the SE yield also depends on the 
chemical nature of the molecules assembling an organic fi lm. For 
example, differences in the terminal group of molecules obviously 
cause a signifi cant difference in the SE yield, which creates a suffi cient 
chemical contrast in the micrograph. This chemical contrast vanishes 
after ultrathin coating of the organic fi lm (Figure 3–52b). Finally, Figure 
3–53 shows that the SE yield is sensitive to the molecular packing 
density of the organic fi lm, i.e., the number of organic molecules per 
area (Bittermann et al., 2001).

It is easy to understand that the BSE signal is not sensitive to the fi lm 
thickness and differences in the “chemistry” and molecular packing 
density, because the backscattering of thin low atomic number fi lms is 
negligible compared with those of the substrate having a signifi cantly 
higher atomic number.

Figures 3–54 and 3–55 show secondary electron micrographs of an 
uncoated glass micro pipette and a microtome glass knife, which are 
almost free of electric charging. However, at higher magnifi cations the 
typical signs of charging occur.

The characterization of sponge-like microstructures, such as hydro-
gels and microgels, is a further challenging application of LVSEM, 
where a large depth of focus, high resolution, and low pene tration 
power (i.e., small electron range) of the electron beam are required. 
Figure 3–56 shows a stereopair of highly magnifi ed SE micrographs of 
a hydrogel. The optimum imaging quality of fi ne structural details 
well below 10 nm was obtained with electron energies around 2 keV.

Figures 3–57 and 3–58 show a set of secondary electron micrographs 
recorded from biological samples at low magnifi cation with different 
electron energies. The micrographs demonstrate to what extent the 
contrast and information depth vary with the electron energy in a 
range from 0.4 to 30 keV, which corresponds to about the accessible 
energy range of commercial FESEMs. As yet, not all of the contributing 
contrast mechanisms are fully understood, thus the interpretation 
of micrographs recorded at a specifi c selected energy requires great 
care.

Finally, LVSEM is also a promising and effi cient alternative to con-
ventional approaches for micromorphological and microstructural 
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Figure 3–54. Secondary electron micrograph series (a–d) of increasing magnifi cation of an uncoated 
glass micropipette recorded at 2 kV with an “out-lens” FESEM. The uppermost part of the tip of the 
micropipette is within the depth of focus. The lower part is out of focus.
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Figure 3–55. Scheme and SE micrographs of an uncoated microtome glass knife recorded at 1 kV with 
an “out-lens” FESEM. The arrows in (a) indicate the two directions of the electron beam related to the 
glass knife, which were used for imaging. (b and c) The electron beam has a shallow angle against 
the cutting edge. Only the uppermost part of the cutting edge is within the depth of focus. (d and e) The 
electron beam impinges perpendiculary onto the cutting edge. The different mean brightness of the 
clearance angle side and backside of the knife is due to the effect of the detection geometry of the ET 
detector.
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Figure 3–56. Stereo pair of SE micrographs (a and b) of the hydrogel poly-(N-isopropylacrylamide) 
(PNIPAAm) in the swollen state recorded at 2 keV with the “in-lens” FESEM. The specimen was rapidly 
frozen, freeze dried, and ultrathin rotary shadowed with platinum/carbon (for details see Matzelle et 
al., 2002). (c) Red–green stereo anaglyph prepared from (a and b). The tilt axis has a vertical direction. 
(d) Red–green stereo anaglyph in a “bird view.” (For parts c and d, see color plate.)



236 R. Reichelt

Figure 3–57. Secondary electron micrograph series of increasing electron energies from 0.5 to 30 keV 
from a keratinocyte. The micrographs are recorded with an “in-lens” FESEM. The image contrast 
varies signifi cantly with the electron energy. Inhomogeneities in the “leading edge” of the keratino-
cyte, which has a thickness of about 200–400 nm, are most clearly visible at 2 keV. (Micrographs kindly 
provided by Dr. R. Wepf, Beiersdorf AG, Hamburg, Germany.)
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characterization of polymers (Berry, 1988; Butler et al., 1995; Brown and 
Butler, 1997; Sawyer and Grubb, 1996).

4 Scanning Electron Microscopy at Elevated Pressure

The scanning electron microscopic investigation of specimens must 
meet several requirements, which were mentioned in previous sec-
tions. To sum it up, it can be said that specimens (1) have to be compat-
ible with the low pressure in the specimen chamber (∼10−3 Pa in 
conventional SEM and 10−5–10−4 Pa in fi eld emission SEM), (2) have to 
be clean, i.e., the region of interest has to give free access to the primary 
beam, (3) need suffi cient electrical conductivity, (4) need to be resistant 
to some extent to electron radiation, and (5) have to provide a suffi cient 
contrast. In a narrower sense, only metals, alloys, and metallic com-
pounds fulfi ll those requirements. Numerous preparation procedures 
mentioned in Section 2.4 were developed in the past and are still in the 
process of improvement, to provide a suffi cient electrical conductivity 
to nonconductive specimens, to remove the water in samples, and to 
replace it or to rapidly freeze it in a structure-conserving manner. 
Nevertheless, there was and still is enormous interest in investigating 
specimens in their genuine state.

Thirty years ago Robinson (1975) proposed examining any uncoated 
insulating specimen in the SEM at high accelerating voltages in the 
specimen chamber, which had been modifi ed to contain a small residual 
water vapor environment. It appeared that the presence of the water 
vapor suffi ciently reduced the resistance of the insulator so that no 
charging effects were detected in backscattered electron micrographs. 
Danilatos (1980) developed an “atmospheric scanning electron micro-
scope” (ASEM), which later was called an “environmental scanning 

Figure 3–58. Secondary electron micrograph pair of the cuticula of a leaf recorded at electron energies 
of 0.4 (a) and 30 keV (b) with an “in-lens” SEM. The low-energy image contains information only from 
the surface whereas the 30-keV image also reveals information about structural features below the 
surface, e.g., new spores, which are not visible in (a). (Micrographs kindly provided by Dr. R. Wepf, 
Beiersdorf AG, Hamburg, Germany.)
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electron microscope” (ESEM®) (Danilatos, 1981) and is now a registered 
trademark. To enable the investigation of water and water-containing 
specimens in their native state at stationary conditions a minimum pres-
sure of water vapor of about 612 Pa is required at 0°C (cf. Figure 3–59). 
Stationary conditions in the specimen chamber of the SEM can be 
accomplished by controlling the water vapor pressure p in close vicinity 
of the specimen as well as the specimen temperature T such that the p–T 
values always correspond to points on the solid p–T graph in Figure 3–
59. For example, at 20°C a water vapor pressure as large as about 2330 Pa 
is required for stationary conditions. p–T values below the solid graph, 
e.g., 300 Pa at 0°C (Figure 3–59), corresponds to a relative humidity of 
less than 100%, thus representing nonstationary conditions.

How can stationary conditions be reached during imaging of a wet 
sample in the specimen chamber of an SEM? Figure 3–60 shows the 
cross section of the ESEM, which permits investigations at pressures 
suffi cient for stationary conditions. Basically, the electron beam pro-
pagates in the column as in a conventional SEM until it reaches the fi nal 
aperture. Then, since the pressure increases gradually as the electrons 
proceed toward the specimen, the electrons undergo signifi cant scatter-
ing on gas molecules until they reach the specimen surface.

The electron–gas interaction is discussed in detail by Danilatos 
(1988). According to this study the average number of scattering events 
per electron n can be approximated by

 n = σgpgL/kT (4.1)

where σg represents the total scattering cross section of the gas molecule 
for electrons, L is the electron path length in gas, and k is the Boltzmann 
constant. These approximations hold for Λ >> L, where Λ represents the 
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Figure 3–59. Phase diagram of water. Solid line, 100% relative humidity (satu-
rated vapor conditions); dashed line, 50% relative humidity. (Data from Lax, 
1967.)
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Figure 3–60. Schematic cross section of the fi rst commercial Electroscan Environmental SEM (ESEM®) 
showing the vacuum and pumping system. Two pressure-limiting apertures separate the electron 
optical column from the specimen chamber. Differential pumping of the stage above and between the 
two pressure-limiting apertures ensures the separation of high vacuum in the column from low vacuum 
in the specimen chamber. The differential pumping of two stages and optimum arrangement of the 
pressure-limiting apertures can work successfully to achieve pressures up to 105 Pa in the specimen 
chamber. [From Danilatos, 1991; with kind permission of Blackwell Publishing Ltd., Oxford, U.K.]
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mean free path of a beam electron in the gas. According to Eq. (4.1) the 
average number of collisions increases linearly with the gas pressure pg 
and the path length in the specimen chamber. Furthermore, n depends 
via the scattering cross section on the type of gas molecules and on the 
temperature. When the beam electrons start to be scattered by the gas 
molecules, the fraction of scattered electrons is removed from the focused 
beam and hit the specimen somewhere in a large area around the point 
of incidence of the focused beam. The scattered electrons form a “skirt” 
around the focused beam, which has a radius of 100 µm for a pathlength 
of 5 mm (conditions: E0 = 10 keV, water vapor pressure = 103 Pa) (Danila-
tos, 1988). Using a phosphor imaging plate, the distribution of unscat-
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tered beam electrons and the scattered “skirt” electrons was directly 
imaged by exposure to the electron beam for a specifi ed time (Wight and 
Zeissler, 2000). Related to the electron beam intensity within 25 µm, the 
“skirt” intensity as a function of the distance from the center drops to 
15% at 100 µm, 5% at 200 µm, and 1% at 500 µm (conditions: E0 = 20 keV, 
water vapor pressure = 266 Pa, l = 10 mm) (Wight and Zeissler, 2000). The 
signals generated by the electrons of the skirt originate from a large area, 
which contributes to the background, whereas the unscattered beam 
remains focused to a small spot on the specimen surface, although its 
intensity is reduced by the fraction of electrons removed by scattering. 
The resolution obtainable depends on the beam diameter and the size of 
the interaction volume in the specimen, which is analogous to the situa-
tion in conventional and high-resolution SEM, i.e., the resolving power 
of ESEM can be maintained in the presence of gas.

The detection of BSE, CL, and X-rays is to a great extent analogous to 
the detection in a conventional SEM, because these signals can pene-
trate the gas suffi ciently (Danilatos, 1985, 1986). However, the situation 
is completely different for the detection of SE. The conventional Ever-
hart–Thornley detector would break down at elevated pressure in the 
specimen chamber. However, the gas itself can be used as an amplifi er 
in a fashion similar to that used in ionization chambers and gas propor-
tional counters. An attractive positive voltage on a detector will make 
all the secondary electrons drift toward it. If the attractive fi eld is suffi -
ciently large, each drifting electron will be accelerated, thus gaining 
enough energy to cause ionization of gas molecules, which can create 
more than one electron. This process repeating itself results in a signifi -
cant avalanche amplifi cation of the secondary electron current, which 
arrives at the central electrode of the environmental secondary electron 
detector (ESD) (Danilatos, 1988). The avalanche amplifi cation works 
best only in a limited pressure range and can amplify the SE signal up 
to three orders of magnitude (Thiel et al., 1997). Too high pressure in the 
specimen chamber makes the mean free path of the electrons very 
small and a high electric fi eld between specimen and detector is required 
to accelerate them suffi ciently. Too low pressure in the chamber results 
in a large mean free electron path, i.e., only a few ionization events take 
place along the electron path from the specimen to the detector, thus the 
avalanche amplifi cation factor is low. The new generation of ESD, the 
gaseous secondary electron detector (GSED), which consists of a 3-mm-
diameter metallic ring placed above the specimen, provides better dis-
crimination against parasitic electron signals. Both the ESD and GSED 
are patented and are available only in the ESEM.

However, the ionization of gas molecules creates not only electrons 
but also ions and gaseous scintillation. The latter can be used to make 
images (Danilatos, 1986), i.e., in that case the imaging gas acts as a 
detector. This principle is used in the patented variable pressure sec-
ondary electron (VPSE) detector. Nonconductive samples attract posi-
tive gas ions to their surface as negative charge accumulates from the 
electron beam, thus effectively suppressing or at least strongly reduc-
ing charging artifacts (Cazaux, 2004; Ji et al., 2005; Tang and Joy, 2003; 
Thiel et al., 2004; Robertson et al., 2004). The gas ions can affect or even 
reverse the contrast in the GSED image under specifi c conditions, e.g., 
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at specimen regions of enhanced electron emission, where the rate of 
electron–ion pairs increases (Thiel et al., 1997). The highly mobile elec-
trons generated by electron–gas interaction are removed from the gas 
by rapid sweeping to the GSED, which in turn causes an increased 
concentration of positive ions during image acquisition due to different 
electric fi eld-induced drift velocities of negative and positive charge 
carriers in the imaging gas (Toth and Phillips, 2000).

However, imaging of wet, soft specimens can be hampered by the 
effect of surface tension (Kellenberger and Kistler, 1979), which may 
fl atten and hereby deform the specimen. Obviously, this is a mislead-
ing situation demonstrating that “environmental conditions” do not 
necessarily guarantee structural preservation.

As mentioned above, about 612 Pa is the crucial minimum pressure for 
wet specimens. In addition to the ESEM, which enables imaging with SE 
at pressures up to about 6500 Pa, numerous variable pressure SEM 
(VPSEM), high pressure SEM, and low vacuum SEM (sometimes the 
abbreviation LVSEM is used, which cannot be distinguished from the 
low-voltage SEM) became commercially available. The water vapor pres-
sure in the specimen chamber of those SEM is typically at maximum 
300 Pa, i.e., below the crucial value of 612 Pa, which is not suffi cient for 
imaging of wet specimens at stationary conditions. To separate the speci-
men pressure of maximum 300 Pa from the high vacuum in the column 
only one pressure-limiting aperture is suffi cient. For imaging at pressures 
in the range from 250 to 300 Pa backscattered electrons are utilized.

Very recently, Thiberge et al. (2004) demonstrated scanning electron 
microscopy of cells and tissues under fully hydrated atmospheric condi-
tions using a small chamber with a polyimide membrane (145 nm in thick-
ness) that is transparent to beam and backscattered electrons. The 
membrane protects the fully hydrated sample from the vacuum. BSE 
imaging at acceleration voltages in the range of 12–30 kV revealed struc-
tures inside cultured cells and colloidal gold particles having diameters 
of 20 and 40 nm, respectively. Another interesting experimental setup is 
the habitat chamber designed to keep living cells under fully hydrated 
atmospheric conditions as long as possible and to reduce the exposure time 
to the lower pressure in the ESEM below 2 min (Cismak et al., 2003).

Scanning electron microscopy at elevated pressure is increasingly 
used in very different fi elds. Apart from variations in the pressure and 
chamber gas a heating stage (maximum temperature about 1500°C) 
allows changes in the specimen temperature. For example, chemical 
reactions such as corrosion of metals, electrolyte–solid interactions, 
alloy formation, and the degradation of the space shuttle ceramic 
shields by increasing oxygen partial pressures at high temperatures 
are possible with micrometer resolution. The onset of chemical reac-
tions that depend on various parameters can by studied in detail. 
Insulators, including oil and oily specimens, can be directly imaged. 
Water can also be imaged directly in the ESEM, which allows studies 
of wetting and drying surfaces (e.g., de la Parra, 1993; Stelmashenko et 
al., 2001; Liukkonen, 1997) and direct visualization of the dynamic 
behavior of a water meniscus (Schenk et al., 1998; Rossi et al., 2004).

Figure 3–61 shows an example of dynamic studies of a water menis-
cus between the scanning tunneling tip and a support when the tip is 
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Figure 3–61. Time-resolved sequence of secondary electron images recorded with an ESEM®-E3 
(ElectroScan Corp., Wilmington, MA). The water meniscus between the hydrophilic tungsten tip 
(normal electron beam incidence) and the Pt/C-coated mica (incidence angle of 85°) is clearly visible 
(a–d). Due to locally decreasing relative humidity the meniscus becomes gradually smaller until it 
snaps off (e). The absence of the meniscus leads to a signifi cant change of shape of the water bead 
below the tip [cf. (d) and (e)]. Some water drops are located on the sample in front of and behind the 
tip. The sequence was recorded within 11 s and each image was acquired within about 2 s. Experimen-
tal conditions: E0 = 30 keV, Ip = 200 pA, pg = 1.2 kPa. (From Schenk et al., 1998; with kind permission of 
the American Institute of Physics, Woodbury, NY.)
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moved across the sample. The wetting of the tip indicates a hydrophilic 
surface, whereas Figure 3–62 clearly indicates a hydrophobic tip 
surface.

ESEM studies of the wettability alteration due to aging in crude 
oil/brine/rock systems that are initially water wet are of signifi cant 
importance in the petroleum industry in understanding the water 
condensation behavior on freshly exposed core chips. Surface active 
compounds are rapidly removed from the migrating petroleum, thus 
changing the wettability and subsequently allowing larger hydropho-
bic molecules to sorb (Bennett et al., 2004; Kowalewski et al., 2003; 
Robin, 2001). Furthermore, the ESEM is a powerful tool with which 
study the infl uence of salt, alcohol, and alkali on the interfacial activity 
of novel polymeric surfactants that exhibit excellent surface activity 
due to their unique structure (Cao and Li, 2002).

Environmental scanning electron microscopy disseminates rapidly 
among scientifi c and engineering disciplines. Applications range 
widely over diverse technologies such as pharmaceutical formulations, 
personal care and household products, paper fi bers and coatings, 
cement-based materials, boron particle combustion, hydrogen sulfi de 
corrosion of Ni–Fe, micromechanical fabrication, stone preservation, 
and biodeterioration. In spite of the broad applications, numerous con-
trast phenomena are not fully understood as yet. This is illustrated in 
Figure 3–63 by a series of SE micrographs recorded at different electron 
energies, but otherwise identical conditions. In addition, ESEM inves-
tigations of polymeric and bio logical specimens, which are known 
from conventional electron microscopy to be highly irradiation sensi-
tive, are more diffi cult because water acts as a source of small, highly 
mobile free radicals, which accelerate specimen degradation (Kitching 
and Donald, 1996; Royall et al., 2001).

Figure 3–62. Secondary electron image recorded with an ESEM-E3 (Elec-
troScan Corp., Wilmington, MA) from a hydrophobic tungsten tip (normal 
electron beam incidence) and a water bead on Pt/C-coated mica (incidence 
angle of 85°). The shape of the deformed water surface in the sub micrometer 
vicinity of the tip clearly indicates its hydrophobic surface. The spherical object 
(black) at the right of the tip in the back is probably a polystyrene sphere and 
any resemblance is purely coincidental. (From Schenk et al., 1998; with kind 
permission of the American Institute of Physics, Woodbury, NY.)
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Figure 3–63. Secondary electron micrograph series of the starch glycolys D recorded at electron ener-
gies from 30 keV down to 5 keV (see the individual legends below each micrograph) with an ESEM 
demonstrating the effect of the electron energy on image contrast. (Micrographs kindly provided by 
Fraunhofer-Institut für Werkstoffmechanik, Halle, Germany; the project was supported by the State 
Sachsen-Anhalt, FKZ 3075A/0029B.)
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5 Ultrahigh Vacuum Scanning Electron Microscopy in 
Surface Science

Ultrahigh vacuum (UHV) scanning electron microscopy is from the 
point of view of the pressure inside the specimen chamber the opposite 
of SEM at elevated pressure. Since the conventional SEMs typically 
work at high vacuum with a pressure of about 10−4 Pa inside the speci-
men chamber, the elevated pressure SEMs are operated at pressures 
six to seven orders of magnitude higher and the UHV SEMs about 
three to four orders of magnitude lower than 10−4 Pa. UHV is required 
for most surface science experiments for two principal reasons:

1. To obtain atomically clean surfaces for studies and to maintain such 
clean surfaces in a contamination-free state for the duration of the 
experiment.

2. To permit the use of a low-energy electron technique and, in addition 
to that, ion-based and scanning probe techniques without undue 
interference from gas phase scattering.

One crucial factor in determining how long it takes to build up a 
certain surface concentration of adsorbed species is the incident molec-
ular fl ux F of gas molecules on surfaces given by the Hertz–Knudsen 
equation

 F p mkTg= / ( )2π  (5.1)

where m is the molecular mass, k is the Boltzmann constant, and T is the 
temperature (K). To obtain the minimum estimate of time it will take 
for a clean surface to become covered with a complete monolayer of 
adsorbate, a sticking probability S = 1 and a monolayer coverage typi-
cally in the order of 1015–1019 molecules/m2 are assumed. Then the 
minimum time per monolayer simply equals 10 219 ⋅ ( ) /πmkT pg , i.e., 
the lower the pressure the longer the time for coverage. At a pressure of 
about 10−4 Pa forming a monolayer takes about 1 s.

Clean surfaces and UHV are required to apply very surface-sensitive 
methods such as Auger electron spectroscopy (AES) and spectromi-
croscopy, X-ray- and UV-induced photoelectron spectroscopies, and 
LVSEM and VLVSEM. SEM in UHV can be done with customized 
FESEMs equipped with an energy analyzer for AES, chemical state 
analysis, or trace element detection, respectively. These UHV-SEMs 
enable highly sensitive surface area observation using high-resolution 
SE imaging and are very well suited for EBSD observation (see Section 
7) of electron chan neling patterns without contamination as well as 
low accelerating voltage EDX analysis (see Section 6). An attached 
neutralizing ion gun allows analysis of insulating bulk materials and 
thin fi lms without electrical charge ups.

SEM in UHV can also be performed with commercial surface science 
UHV chamber systems and a UHV SEM column attached to it. Such 
chamber systems offer an in situ combination of several imaging 
methods (e.g., LVSEM, SAM, AFM, and STM), methods for chemical 
analysis such as AES, and diffraction methods such as low-energy 
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electron diffraction (LEED). Dual-chamber systems have a large 
chamber for the imaging and analysis techniques mentioned above 
and a second chamber for specimen preparation such as ion sputtering, 
heating, and thin fi lm growth.

SEM in UHV combined with other imaging, spectroscopic, and dif-
fraction methods enables the true surface structure and chemistry to 
be studied. In particular, LVSEM and VLVSEM are most powerful in 
UHV because of their high surface sensitivity, which is not noticeably 
degraded by irradiation-induced contamination.

6 Microanalysis in Scanning Electron Microscopy

The generation of X-rays due to electron–specimen interactions was 
discussed in Section 2.2.5. The characteristic X-rays emitted from the 
specimen carry information about its local element composition, which 
is utilized as a powerful microanalytical tool combining SEM with 
EDX and WDX spectrometers. X-Ray microanalysis is by far the most 
widely used method combined with SEM, which enables in various 
modes qualitative and quantitative element analysis from a point or 
area of interest as well as mapping of the distribution of various ele-
ments simultaneously with SE and BSE imaging. The size of the inter-
action volume emitting X-rays is signifi cantly larger than the ones for 
AE, SE, and BSE because of the weaker absorption of X-rays inside the 
specimen (cf. Figure 3–14) and the secondary emission by X-ray fl uo-
rescence outside the electron interaction volume. The secondary X-ray 
emission volume is much larger than that for primary X-ray emission 
since X-rays are more penetrating than electrons having the same 
energy. For electron-excited X-ray spectrometry performed on thick 
specimens in the SEM, the range R for X-ray excitation is given accord-
ing to Kanaya and Kayama (1972) by

 R [µm] = (0.0276 A/ρZ0.89) · (E0
1.67 − Ex

1.67) (6.1)

where A is the atomic weight (g/mol), ρ is the density (g/cm3), Z is the 
atomic number, E0 is the incident electron energy (keV), and EX is the 
X-ray energy (keV).

For reliable quantitative X-ray microanalytical studies, X-ray absorp-
tion, X-ray fl uorescence, and the fraction of backscattered electrons, all 
of which depend on the composition of the specimen, have to be taken 
into account and are performed by the so-called ZAF correction. Z 
stands for atomic number, which affects the penetration of incident 
electrons into the material, A for absorption of X-rays in the specimen 
on the path to the detector, and F for fl uorescence caused by other X-
rays generated in the specimen.

Two different types of detectors are used to measure the emitted X-
ray intensity as a function of the energy or wavelength. In an EDX 
system (Figure 3–64) the X-rays enter the solid-state semiconductor 
detector and create electron hole pairs that cause a pulse of current to 
fl ow through the detector circuit. The number of pairs produced by 
each X-ray photon is proportional to its energy (see Section 2.1.3.1). In 
a WDX spectrometer (Figure 3–65) the X-rays fall on a bent crystal and 
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Figure 3–64. Scheme of Si(Li) X-ray diode coupled to a fi eld effect transistor 
(FET) with a resistive feed back loop (RF, CF). The shape of the output signal is 
shown in the output voltage vs. time diagram. Typically, this principle is used 
in energy-dispersive X-ray (EDX) detectors. (From Reimer, 1985; with kind 
permission of Springer-Verlag GmbH, Heidelberg, Germany.)
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Figure 3–65. Principle of a wavelength-dispersive X-ray (WDX) spectrometer. 
Generated X-rays that hit the analyzing crystal are focused and due to Bragg 
refl ection directed to a slit in front of the proportional counter lying on a 
Rowland circle with radius rf. The lattice planes of the crystal are bent to a 
radius of 2rf. (From Reimer, 1985; with kind permission of Springer-Verlag 
GmbH, Heidelberg, Germany.)

Analysing crystal with lattice planes of radius rd

PE

Specimen

Rowland circle
of radius rf

Proportional
counter

Slit

d

B

X

π – 2Θ

r f

r d
 =

 2
r f



248 R. Reichelt

are refl ected only if they satisfy Bragg’s law. The crystal bending is such 
that it focuses X-rays of one specifi c wavelength onto a proportional 
counter and rotates to scan the wavelength detected. Some important 
features of both types of X-ray spectrometer are listed in Table 3–9. 
However, since instrumentation and analysis of data in X-ray micro-
analysis are usually considered a separate discipline, no further details 
are discussed in this section [see, e.g., Heinrich (1982), Heinrich and 
Newbury (1991), Reimer (1998), Goldstein et al. (1984, 2003), and 
Newbury and Bright (2005)].

A selected application of the very powerful combination of SEM 
imaging, X-ray micro analysis, and element mapping—the latter was 
invented almost exactly 50 years ago by Cosslett and Duncumb (1956)—
is illustrated in Figure 3–66. The selected specimen is a Cr–Fe alloy 
with an Si phase, which has a locally varying composition as clearly 
indicated by the energy-dispersive spectra in Figure 3–66a and b 
recorded at different locations (Figure 3–66c).

The area under each characteristic peak represents the amount of 
X-ray counts, which is—after subtraction of the unspecifi c background 
below the peak and ZAF correction—a direct quantitative measure of 
the number of atoms of the specifi c element belonging to that peak. 
However, a simple visual inspection of the spectra shows, e.g., that the 
location “Punkt1” (see Figure 3–66a) contains signifi cantly more chro-
mium and less iron than location “Punkt2” (see the spectrum in Figure 
3–66b). In addition, a strong silicon peak emerges in the spectrum of 
location “Punkt2” not present in the spectrum of “Punkt1” (see the 
spectrum in Figure 3–66a). The element distribution maps of four 
important chemical elements in the specimen, namely iron, chromium, 
silicon, and titanium, are shown in Figure 3–66d–g. Comparing the 
information given by the four element distribution maps on the one 
hand and the two spectra on the other hand immediately makes clear 
why the titanium peak does not emerge in the spectra and the chro-

means of simple image processing procedures the SE micrograph 
(Figure 3–66c) and the element distribution maps (Figure 3–66d–g) can 
be superimposed in one image (Figure 3–66h) presenting information 
for fi ve individual images.

The most powerful tool in electron beam microanalysis is the ability 
to depict the elemental compositional heterogeneity of matter with 
micrometer to nanometer lateral resolution. Many developments have 
occurred since the intervening years to advance this critical method. 
We are now on the leading edge of extraordinary new X-ray mapping 
performance: the emergence of the silicon drift detector (SDD) that 
permits recording of X-ray spectrum images (XSI) in an energy-disper-
sive operating mode with output count rates of 600 kHz and even 
higher (cf. Table 3–9). Further, computer-controlled SEM in connection 
with image processing and EDX spectrometry enables the unattended 
and automated determination of both the geometric parameters and 
the chemical composition of thousands of individual particles down to 
a size of 50–100 nm (see, e.g., Poelt et al., 2002). Consequently, correla-
tions between particle size, chemical composition, the number of 

mium peak is dominant at location “Punkt1” but not at “Punkt2”. By 
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Figure 3–66. X-Ray microanalysis of a Cr–Fe-alloy with a Si phase. The EDX spectra (a and b) were 
recorded with the Röntec XFlah3001 from locations “Punkt1” and “Punkt2” marked in the SE micro-
graph of the specimen (c). The positions of the characteristic X-ray energies for the various elements 
emerging in the spectra are indicated by thin colored lines, which are labeled with the chemical 
symbol of the corresponding chemical element. The elements iron, chromium, and vanadium occur 
with one Kα peak each in the energy range from 4.95 to 6.40 keV and with one less intense Lα peak 
each in the energy range from 0.51 to 0.71 keV. Elemental distribution maps of Fe (d), Cr (e), Si (f), and 
Ti (g) were recorded using the Kα lines. (h) Mixed micrograph obtained by superimposition of the SE 
image and the maps of the distribution of Fe, Cr, Si, and Ti within the fi eld of view. Experimental 
conditions: SEM, LEO 438VP. For recording spectra: E0 = 20 keV; count rate, ≈ 3 × 103 cps; acquisition 
time, 300 s. For recording maps: E0 = 25 keV; count rate ≈ 1.5 × 105 cps; acquisition time 600 s. (EDX 
spectra, SE micro graph, and elemental distribution maps were kindly provided by Röntec GmbH, 
Berlin, Germany.) (See color plate.)
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Figure 3–66. Continued
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different compounds, and their contribution to the overall concentra-
tion can be established. Problems may arise in connection with speci-
men preparation, optimization of the image contrast, the sometimes 
nonhomogeneous composition of particles, shadowing of the X-rays in 
case of large particles, and the lack of a rigorous ZAF correction pro-
cedure for particles of arbitrary shape.

Another increasingly important application is multilayer analysis, 
i.e., the nondestructive measurement of the thickness and composition 
of thin fi lms both unsupported and on substrates, which can be per-
formed with high accuracy down to a thickness of 2 nm by a combina-
tion SEM and EDX (see, e.g., Hu and Pan, 2001; Rickerby and Thiot, 
1994; Rickerby et al., 1998; Smith et al., 1995). For this purpose the ratio 
between the X-ray intensity of the fi lm and the intensity of the same 
element of a bulk standard is used.

Low-voltage scanning electron microscopy (E0 < 5 keV) offers both 
high spatial resolution and a signifi cantly reduced X-ray generation 
depth. This enables the composition of thin layers on substrates to be 
determined without the need to use a dedicated thin fi lm analysis 
program. The analysis of small phases down to a size of 50 nm is also 
possible (see, e.g., Poelt, 2000; Wurster, 1997). However, the disadvan-
tages are that the X-ray intensity produced is small because of low fl uo-
rescence yield ω (cf. Figure 3–22) and not all elements can be analyzed. 
In principle elements of higher atomic number can be identifi ed using 
L- and M-shell X-rays, but these are much more complicated than the 
rather simple K-shell X-ray emissions. Although the enhanced 
surface sensitivity may be useful sometimes, in many cases it is more 
likely to be a problem. If thin fi lm coating is required this fi lm 
may be a signifi cant fraction of the electron range, and without it the 
specimen may charge up. Working at E0 = E2, where incoming 
and emitted electrons are balanced, is usually not suffi cient. Further-
more, having the electron beam stationary on the specimen for a long 
time to integrate the weak signals is exactly the way to produce con-
tamination, which can stop the electrons before they reach the real 
specimen surface. Then X-ray microanalysis does not relate to the 
specimen at all.

7 Crystal Structure Analysis by Electron Backscatter 
Diffraction

In crystalline specimens electrons are diffracted at lattice planes 
according to Bragg’s law given as

 2d sin ϑ = nλ (7.1)

where d is the lattice-plane spacing, ϑ is Bragg’s angle, and λ is the 
electron wavelength. Bragg’s law requires that the incident and emer-
gent angles should be equal ϑ. As previously mentioned, the backscat-
tering coeffi cient sensitively depends on the tilt of the incident electron 
beam relative to the lattice and Bragg position. Changing the tilt of the 
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incident beam relative to the lattice, e.g., by rocking the electron beam 
or tilting the specimen, affects the backscattering coeffi cient, which 
results in an electron channeling pattern (ECP). To obtain from an ECP 
information about the crystal structure, e.g., the crystal orientation and 
the lattice plane spacings, a so-called panorama diagram recorded by 
successively tilting the specimen over a large angular range is required 
(Joy et al., 1982; van Essen et al., 1971; Reimer, 1998). However, establish-
ing a panorama diagram is a somewhat diffi cult task.

Another way of obtaining information about the crystal structure of 
the specimen is the use of electron diffraction effects associated with 
the scattered electrons. As described in Section 2.2, the beam electrons 
are scattered elastically and inelastically due to the electron–specimen 
interaction, thus scattered beam electrons travel within the excitation 
volume in all directions (cf. Figure 3–13). This scattering process can 
be considered as a small electron source inside the crystalline speci-
men emitting electrons in all directions as shown in Figure 3–67. These 
electrons may be diffracted at sets of parallel lattice planes according 

Electron beam

Crystal surface

Lattice planes

Cone 1

Cone 2

2ϑ

Figure 3–67. Scheme of the formation of one pair of cones from diffraction of 
scattered electrons at one set of parallel lattice planes.
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to Bragg’s law [(Eq. (7.1)] as fi rst observed by Venables and Harland 
(1973). Figure 3–67 illustrates that the electrons emitted from one point 
and diffracted at lattice planes will form pairs of cones centered with 
respect to the normal vector of these lattice planes. The opening angle 
of the cones is 180° −2ϑ and the angle between them is 2ϑ. Since the 
Bragg angle is in the order of 1° for 15–30 keV electrons and lattice-
plane spacings of 0.2–0.3 nm, the intersections of the cones with a fl at 
observation screen positioned at a distance much large than d (usually 
2–4 cm from the point of beam–specimen intersection) and tangential 
to the propagation sphere of the scattered electrons are almost straight 
and parallel pairs of lines. The are called Kikuchi lines. The angle 
between parallel pairs of Kikuchi lines is 2ϑ. The whole EBSD pattern 
with the Kikuchi lines reveals local information about the crystalline 
structure within the individual excitation volume. A detailed treat-
ment of EBSD, which is beyond the scope of this section, is given by 
Wilkinson and Hirsch (1997). Nevertheless, it is worth mentioning that 
the relationship between EBSD and the previously introduced ECP is 
characterized by the reciprocity of their ray diagrams (Reimer, 1985).

The recording of the EBSD pattern, which originally was performed 
by exposure of a photographic fi lm, is now done by position-
sensitive detectors such as a phosphorous screen coupled to a TV 
camera or a scintillation window with a CCD camera attached. To 
allow the diffracted electrons to escape from the specimen its surface 
is usually tilted approximately 60° or 70° toward the screen. The EBSD 
patterns are digitally acquired by computer, which also controls the 
positioning of the beam. In case of automated crystal orientation 
mapping, the computer scans the electron beam stepwise across the 
specimen and controls the dynamic focusing of the beam (cf. Figure 
3–9e and Section 2.1.5.2). Since special software algorithms for the 
automated detection and indexing of Kikuchi lines in EBSD pattern 
were introduced by Krieger-Lassen et al. (1992), Adams et al. (1993) 
developed a new scanning technique called “orientation imaging micro-
scopy” (OIM). In OIM, which is also called automated crystal orienta-
tion mapping, the EBSD pattern from each individual point at the 
specimen surface radiated by the electron beam is recorded and ana-
lyzed. The current state of the art of OIM is reviewed by Schwarzer 
(1997) and Schwartz et al. (2000).

In the past decade EBSD has become a powerful tool for crystallo-
graphic analysis such as the determination of the orientation of indi-
vidual crystallites of polycrystalline materials in the SEM, phase 
identifi cation, and characterization of grain boundaries, which is illus-
trated by the following examples. Figure 3–68 shows two different 
EBSD patterns from an as-cast niobium sample recorded with high 
(Figure 3–68a) and low resolution (Figure 3–68b), respectively (Zaef-
ferer, 2004), at a stationary beam position. Figure 3–68c shows the 
colored pairs of Kikuchi lines generated by automatic indexing and 
overlayed to the EBSD monitored in Figure 3–68a.

Figure 3–69a shows an SE micrograph of polycrystalline austenite 
with the related color-coded orientation map of polycrystalline austen-
ite monitored in Figure 3–69b (Zaefferer et al., 2004). The spatial resolu-
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Figure 3–68. ESBD patterns from an as-cast niobium specimen. (a) High-resolution EBSD pattern with 
background subtraction. Exposure time, 7 s. (b) Raw data EBSD pattern for high-speed mapping. 
Exposure time, 15 ms. EBSD patterns are recorded with thermal FESEM JSM-6500F. (c) EBSD pattern 
from (a) with colored pairs of Kikuchi lines generated by automatic indexing. [EBSD patterns were 
kindly provided by Dr. S. Zaefferer, Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany. (a 
and b) From Zaefferer, 2004; with kind permission from JEOL (Germany) GmbH, München, Germany.] 
(For part c, see color plate.)

tion obtained amounts to about 50 nm (at E0 = 15 keV), i.e., smaller 
grains or precipitates cannot be detected in the orientation map. The 
map shown in Figure 3–69c provides information about the grain 
boundary character and the orientation variations inside of each grain. 
The latter is shown for an individual grain in more detail in Figure 
3–70.

The OIM developed into a powerful technique providing a wealth 
of information about the type and distribution of different phases, the 
size, shape, and defects of grains, the type of grain boundaries, the 
local crystal orientation, and the preferential orientation (texture). To 
take full advantage of this new imaging technique in terms of spatial 
and orientation accuracy the thermal fi eld emission SEM providing a 
high beam current is most suitable. Furthermore, the SEM needs a very 
high mechanical and electronic sta bility because EBSD measurements 
require very long recording time, e.g., up to 12 h for very large orien-
tation maps (Zaefferer, 2004). Finally, the preparation of specimens is 
a very delicate task since EBSD is a very surface-sensitive technique 
with an information depth of less than 10 nm up to a few tens of nano-
meters. Thus, the surface-near zone must be free of any deformation 
and, in addition, the surface has to be rather smooth because any 
surface relief may affect data acquisition.

The application of OIM is not restricted to metals and alloys. Crystal-
line materials such as semiconductors (e.g., Wilkinson, 2000), cera mics 
(e.g., Katrakova and Mucklich, 2002; Koblischka and Koblischka-
Veneva, 2003), and minerals (e.g., Mauler et al., 2001; Prior et al., 1999) 
can be investigated.
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5.00 µm = 100 steps

colour coding:
ND
hatched areas:
austenite

111

001
b) c)

a)

grain boundary character
rotation angle fraction

41˚   42˚     0.051
42˚   43˚     0.112
43˚   44˚     0.140
44˚   45˚     0.132
45˚   46˚     0.097
46˚   47˚     0.018

deviation to
centre grain
orientation orientation class

<001> ll ND (max. 20˚)

all other orientations

austenite
101

Figure 3–69. Secondary electron micrograph of austenite (a) with rough (1), relatively smooth (2), and 
smooth (3) surface areas. (b) Orientation map of (a) measured by automated crystal orientation 
mapping and color coded for the crystal direction parallel to the normal direction (ND) of the sheet. 
Hatched areas correspond to austenite grains. (c) The boundary character between γ- and α-grains, 
different orientation components [(001)||ND, red; all others blue] and the orientation variations inside 
of each grain (color shading; b, bainite). The micrograph and the maps are recorded with thermal 
FESEM JSM-6500F. Note: the extension toward the top and bottom of the measured are in (b) and (c) 
is larger than the area marked in (a). (Reprinted from Zaefferer et al., 2004; copyright 2004, with per-
mission from Elsevier.) (For parts b and c, see color plate.)
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4
Analytical Electron Microscopy

Gianluigi Botton

1 Introduction

The term analytical electron microscopy (AEM) refers to the collection 
of spectroscopic data in the transmission electron microscope (TEM) 
based on various signals generated following the inelastic interaction 
of the incident electron beam with the sample. These signals can be 
used to identify and quantify the concentration of the elements present 
in the analyzed area, map their distribution in the sample with high 
spatial resolution (down to 1 nm or better), and even determine their 
chemical state. Although there are several signals generated by the 
interaction of primary incident electrons on a sample (Figure 4–1), the 
two main techniques at the core of AEM are based on the detection of 
X-ray signals generated in the sample by the primary incident electrons 
with the technique called energy dispersive X-ray spectroscopy (EDXS) 
and the measurement of the energy lost by the incident electrons with 
electron energy loss spectroscopy (EELS). These techniques are used 
within a TEM (Figure 4–2) equipped with EDXS, EELS detectors, and 
other detectors to record TEM images, diffraction patterns, and other 
signals that can be combined to form other images containing addi-
tional information on the chemical nature and structure of the sample. 
Other techniques such as cathodoluminescence, Auger spectroscopy, 
and electron beam-induced current imaging are also part of the arsenal 
of techniques available in the TEM but are less frequently implemented 
in commercial TEMs or have been used only as proof of concept. Con-
vergent beam electron diffraction has traditionally been considered 
one of the AEM techniques, but given the breadth of this topic, the 
chapter will focus on the principles of EDXS and EELS, instrumenta-
tion requirements, the quantitative aspects of microanalysis, and the 
respective advantages and limitations. Throughout this chapter, several 
examples of application of these techniques in practical problems will 
be given. A comparison of these AEM methods with other analytical 
techniques is presented in a summary. Since this topic has been exten-
sively covered in key detailed early textbook references (Joy et al., 1986; 
Williams and Carter, 1996) an update on the current status of the tech-
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niques will be given based on recent published literature and examples 
of work.

1.1 Overview of EDXS

As incident electrons generated by the electron gun in the TEM interact 
with atoms and their electrons in the solid, various inelastic processes 
are generated. When the primary electron excites bound electrons on 
a given shell (Figure 4–3), a core hole is created. This excited state is 
created only temporarily and the empty state is therefore fi lled by 
electrons from higher energy levels through a deexcitation process by 
generation of photons (of suffi cient energy to be considered in the X-ray 

Figure 4–1. Signals generated when high-energy incident electrons interact 
with a thin sample.

Figure 4–2. Example of 
a commercially available 
analytical TEM. Visible are 
the energy dispersive X-ray 
detector, the energy loss 
spectrometer, and digital 
cameras and detectors.
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part of the spectrum) or Auger electrons. The energy of these X-rays, 
typically in the range of few hundred electronvolts to 20–40 keV, is also 
characteristic of the energy differences between the levels involved in 
the excitation and deexcitation process (Figures 4–4 and 4–5). Because 
various energy shells can be excited, peaks in the spectra are labeled 
according to the corresponding quantum levels involved in the transi-
tions based on the nomenclature illustrated in Figure 4–4. The depen-
dence on characteristic energy levels of the bound electrons makes it 
possible to identify the atomic number of the elements that have been 
involved in the excitation process. However, not all transitions between 

Figure 4–3. Energy level diagrams showing the transitions required for 
the generation of X-rays and Auger electrons following the excitation of core 
electrons by the primary incident electrons.

Figure 4–4. Detailed energy levels, their associated quantum number n, l, and j, and associated 
families with the transitions respecting the selection rules described in the text.
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the energy levels are allowed: there must be a change in the angular 
momentum quantum numbers � and j for transitions to be observed 
according to the rule ∆� = ±1, ∆j = −1, 0, +1 (Figure 4–4). The probability 
of these excitations and generation of X-rays or Auger electrons varies 
with atomic number based on cross sections and fl uorescence yield. 
The effi ciency of the detection of the X-rays also varies according to 
their energy due to absorption in the detector material. In addition, the 
X-rays generated can be absorbed in the sample itself before reaching 
the detector. The spectrum itself consists of the characteristic X-ray 
peaks for the excited atoms present in the sample superimposed on a 
continuum noncharacteristic background (Figure 4–6).

To relate the intensity detected in spectra to the concentration of the 
elements, several effects must therefore be considered: the intensity of 
the peaks in the spectra must be corrected using cross sections and 
fl uorescence corrections and absorption in the sample and in the detec-
tor. Figure 4–7 summarizes the process of signal generation, collection, 
display, and quantifi cation in a fl ow chart containing various steps of 
signal correction. Based on the quantifi cation of signals, it is possible 

Figure 4–5. Characteristic 
X-ray energy for different 
families of lines as a func-
tion of atomic number.

Figure 4–6. EDS spec-
trum demonstrating 
the characteristic lines 
(with energies pre-
sented in Figure 4–5) 
and the continuum 
background.
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to measure the local concentration to an accuracy limited by the statis-
tic uncertainty of the spectrum and the errors in the cross sections.

Due to the limited signal collection effi ciency of the detector, the 
fi nite acquisition time and the presence of a noncharacteristic back-
ground under the element-specifi c peaks, the technique is generally 
not suitable for the detection of trace elements in samples but it can 
provide rapid quantitative data on elements to within a few atomic 
percent accuracy, with detection limits typically of a few percent. 
Improvements in collection effi ciency and long acquisition times, 
however, have led to detection limits of fractions of 1% (see Section 7 
of this chapter).

Using software that can control the electron beam position on the 
sample and the data collection in a sequential manner, generated 
signals can be collected over an area of the sample so that the intensity 
of characteristic signals, as a function of position, represents the local 
composition variations in the sample as displayed in an elemental map 
(Figure 4–8). Further processing of spatially resolved spectra can also 
be carried out so that quantitative maps and statistical analysis of the 
concentration and element distribution can be displayed. Details of the 
performance and limitations of EDXS as well as the approaches used 
to quantify the data are given in subsequent sections.

Figure 4–7. Schematic diagram for the generation of X-rays in the sample, detection of the X-rays in 
the detector (by generation of electron and hole pairs), pulse analysis, and quantifi cation process of 
the spectrum to derive the composition of the sample. Detailed procedures of quantifi cation are 
described in Section 4.
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1.2 Overview of Electron Energy Loss Spectroscopy

EELS is based on the measurement of the energy that the primary 
incident electrons have lost while causing various inelastic processes 
in the sample. The excitation of electrons from core energy levels that 
precedes the generation of X-rays or Auger electrons is only one of the 
mechanisms by which the primary electrons can lose some of their 
energy. For this particular case, the energy loss process gives rise to 
signals known as “core edges” with characteristic energies closely 
related to the binding energy of the excited electrons (Figure 4–9) in 
the atoms. Excitation of valence electrons into the conduction band and 
collective excitation of weakly bound electrons are also potential energy 
loss processes (Figure 4–9) called plasmons. These losses contribute to 
the low loss part of the spectrum (Figure 4–10) from a few to about 
50–100 eV. Although characteristic core edges can appear at relatively 
low energies, strong low-loss signals contain information about the 
materials dielectric properties. With reference spectra and databases, 
it is therefore possible to identify particular compounds based on the 
shape of the low-loss spectrum. Identifi cation of the chemical state and 
the compound is also possible through the analysis of fi ne modulations 
appearing in the fi rst few electronvolts from the core edges threshold. 
These modulations are known as electron energy loss near-edge struc-
ture (ELNES) and contain information about the electronic structure 
and bonding environment of the excited atom. This information is now 
frequently used in the study of electronic structure and chemical state 

Figure 4–8. Schematic diagram describing the processes necessary to record an elemental map with 
EDXS. The synchronous scan of the beam is associated with a pixel position where the recording of 
the signal takes place. The peak intensity is measured for each element at each pixel position and is 
plotted in a two-dimensional elemental map.
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Figure 4–9. Schematic diagram of the associated features in a spectrum. The core edges arise from 
transitions from deep core levels to the fi rst unoccupied states above the valence band (and Fermi 
energy) and the continuum. Excitation from defect states in the gap are also shown as well as collective 
excitations of valence electrons giving rise to broad features called plasmon peaks.

Figure 4–10. Full energy loss spectrum recorded over a large energy range demonstrating the large 
dynamic range of the recorded intensities and the relative intensity of core losses as compared with 
the background. (Courtesy of H. Sauer, Fritz-Haber Institut/MPG, Berlin.)
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of materials with applications ranging from semiconductor devices to 
the study of minerals whereas low-loss structures have been used in 
the study as diverse as biological structures to superconductors.

Similar to the case of EDXS microanalysis, the intensity of core edges 
is related to the probability of excitation and thus to cross-section 
values and the concentration of elements. The intensity of edges rela-
tive to the background, however, is strongly dependent on the thick-
ness of the analyzed area and edges can remain simply undetected 
in the case of thick samples. As in the case of EDXS analysis, this 
technique is not ideal for routine detection of trace elements due to 
the very intense background typically dominating the signal at the 
edges and the overall small recorded signal of edges with respect to 
the total recorded signal (Figure 4–10), although acquisition conditions 
can be optimized for the detection of minor constituents (discussed in 
Section 7.1).

EELS signals offer the advantage of being generated by a primary 
event: the loss of energy. As compared to EDXS, the intensity of recorded 
signals is therefore not linked to the secondary process of fl uorescence 
resulting in the deexcitation via X-ray emission. For light elements such 
as O, N, C, B, this is a remarkable advantage because the fl uorescence 
yield (the probability of X-ray relative to Auger electrons generation, 
see Section 4.1) decreases by orders of magnitude as compared to 
higher atomic number elements such as transition metals. Therefore, 
EELS analysis is generally considered to be more appropriate for the 
detection of light elements than EDXS analysis.

The core edges can be identifi ed and labeled according to the energy 
levels of the ejected electron and the respective quantum numbers. K, 
L, M, N, O edges are related to the transitions involving n = 1, 2, 3, 4, 
5 principal quantum numbers, respectively. The angular momentum 
quantum numbers � (s,p,d,f) and j lead to sublabels as indicated in 
Figure 4–11. A summary of the information that can be retrieved from 
EELS spectra is shown in Table 4–1 (Colliex, 1996).

The collection of EELS spectra is carried out with an energy loss 
spectrometer either attached at the bottom of the TEM column (post-
column fi lter) or within the projector lens system (in-column fi lter) 
(Section 2.4.1). In both cases, the electron energy distribution is ana-
lyzed with one or a series of dispersing elements that separate the 
electrons according to their energy. The dispersion will result in the 
generation of a spectrum that will be recorded on a detector system. 
Depending on the fi lter electron optical confi guration and detector 
system, spectra, images and diffraction patterns corresponding to spe-
cifi c energy losses can be recorded as discussed in Section 2.4.1. When 
images or diffraction patterns are obtained using electrons with spe-
cifi c energy losses or with electrons having lost no energy, the tech-
nique is called energy-fi ltered microscopy.

1.3 Comparison with Other Spectroscopies

EDXS and EELS offer information complementary to other techniques 
that yield compositional or spectroscopic data typically available in 
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surface analysis instruments such as X-ray photoelectron spectroscopy 
(XPS), Auger spectroscopy, X-ray absorption spectroscopy, inverse pho-
toemission, etc. XPS provides information on the binding energy (Eb) 
of electrons in atomic core levels as ejected by incident photons. These 
photoelectrons with kinetic energy Ek are detected in vacuum as they 

Figure 4–11. Diagram demonstrating 
the origin of the spectroscopic labels 
of energy loss spectra and the associ-
ated core levels. (Adapted from EELS 
Atlas, C.C. Ahn and O.L. Krivanek.)

Table 4–1. Information from EELS spectra.
Spectral region Type of information Application

Full spectrum Thickness, inelastic All analytical methods of
  mean free path  quantifi cation, volume
   fraction

Low-loss Average electron Microanalysis of alloys, H
  density  content, identifi cation of
   phases

Low-loss Joint density of states Optical properties of solids,
   electronic structure,
   correlation effects,
   bandgap measurement

Low-loss Dielectric Relativistic effects, interface
  properties/interfaces  excitation effects/modes

Core-loss Edges intensity Quantifi cation of
   concentration of elements

Core-loss Near edge structures Chemical state, coordination,
   ionicity/valence, phase
   identifi cation

Core-loss Extended fi ne structure Determination of radial
   distribution functions

Core-loss White lines: density of Formal charge, charge
  holes in the d-band  transfer
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escape the sample surfaces and the system workfunction (φ). This 
process typically detects photoelectrons with very low kinetic energy 
as the incident X-rays photons (Ev) are typically a few kiloelectronvolts 
and Ek = Ev − (Eb + φ). The technique thus provides essentially informa-
tion from the topmost few atomic layers and is used to analyze ultra-
thin layers and quantify composition of thin fi lms deposited on 
surfaces, surface contaminants etc. Although the lateral resolution is 
typically about a few tens of micrometers in commercial instruments, 
near micrometer resolution can be achieved in synchrotron facilities 
and in imaging XPS instruments. Using ion beams to sputter the 
sample surface, depth profi ling can be carried out with a depth resolu-
tion of 2–5 nm due to the (energy-dependent) escape depth of the elec-
trons and, when sputtering is used, the ballistic mixing induced by the 
incident ions. Angular resolved XPS methods can reach a depth resolu-
tion of about 1–2 nm as the escape angle can be tuned with the 
spectrometer. The technique can therefore provide information on the 
composition of surface layers and changes in the chemical state of 
atoms as refl ected in the changes in binding energy.

In Auger spectroscopy, the energy of the Auger electrons typically 
ranges from a few tens of electronvolts to 1–2 keV and, as in the case 
of XPS, the escape depth from the sample surface is also limited to the 
topmost few nanometers. The Auger electron energy between energy 
levels A (initial core level) and levels B and C (secondary levels) (Figure 
4–3) is determined by the energy levels involved in the transition as 
EABC = EA − EB − EC − φ. The changes in bonding due to changes in oxi-
dation state or structure are therefore refl ected in the energy of Auger 
peaks as the energy levels would be affected by the changes in bonding. 
The technique therefore provides both information on the elemental 
composition and the chemical state.

X-Ray absorption spectroscopy provides information on the absorp-
tion process of incident photons caused by transitions from inner-shell 
energy levels to the unoccupied states just above the Fermi energy and 
the continuum free states. The technique is therefore complementary 
to EELS as unoccupied states are probed but it offers the advantage of 
giving access to higher energy edges and the possibility of analysis in 
a controlled nonvacuum environment. With zone plate focusing of 
incident photons in third-generation synchrotrons, it is possible to 
obtain spot sizes of 15–30 nm. The X-ray absorption process can be 
directly observed in transmission mode or via indirect yield of elec-
trons generated via the absorption process (total electron yield or 
fl uorescence yield). In the latter case, the technique becomes surface 
sensitive as the escape depth of detected electrons is limited by their 
energy. Detection of elements in ppm concentration is possible due to 
the low background of edges as compared to EELS.

As compared with these spectroscopic techniques, EDXS, carried out 
with typical commercial detectors, can be considered a “bulk” analysis 
technique yielding elemental information through the thickness of the 
thin TEM foil with practically no content on the chemical state of the 
detected elements. EELS in the analytical microscope also provides 
information on the chemical composition through the thin foil thick-
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ness, but offers the clear advantage of providing spectroscopic infor-
mation on the chemical state.

Table 4–2 summarizes the general applications of the techniques, 
limitations, resolution, etc. Characteristic details on resolution vary 
depending on the acquisition conditions, energy of the elements of 
interest, and effi ciency of the detection system.

2 Instrumentation

The ultimate aims of AEM are to analyze materials with high spatial 
resolution. These goals require the use of electrons source and electron 
optic components capable of producing intense beam currents into 
small electron probes, and detectors to collect the various analytical 
signals generated from the interaction of incident electrons with atoms 
in the solid. These requirements are met in a TEM confi gured for ana-
lytical work offering bright electron sources, fl exible condensing optics, 
clean vacuum, and a range of detectors for imaging and spectroscopy. 
Thin and very clean samples are a necessity for achieving the ultimate 
performance expected from the high-spatial resolution techniques and 
these are as important as the quality of the microscope.

2.1 Electron Sources and Probes

TEMs for conventional TEM, high-resolution TEM, and AEMs can be 
equipped with two types of electron sources—thermionic and fi eld 
emission. Thermionic sources such as W hairpin fi laments and refrac-
tory crystals such as LaB6 operate at high temperature and emit elec-
trons that are subsequently accelerated by the anode potential 
(100–200 kV or more). The thermionic sources are heated either by a 
fl ow of current through the emitting material itself (for the W hairpin 
cathode fi lament) or by thermal contact of a low-workfunction emittor 
material such as LaB6 and resistive heating of a W wire supporting 
material. The fi eld-emission gun (FEG) source operates on the princi-
ples of electron tunneling from the tip to vacuum following the appli-
cation of a strong electric fi eld (≈109 V/m) generating a very large electric 
fi eld gradient at the tip of the cathode. This high fi eld results in a very 
narrow potential barrier allowing tunneling of the electrons from a 
low-workfunction metallic tip to vacuum. This emission is generated 

Table 4–2. Comparison of spectroscopy techniques.
 Lateral
 resolution Depth Detection Elemental Spectroscopic
Technique limits resolution limit information information

EDXS 1–2 nm No Minor Yes No

EELS 0.5–1 nm No Minor Yes Yes

Auger 10–50 nm Yes (2–5 nm) Minor Yes Yes

XPS 1–10 um Yes (1–5 nm) Minor Yes Yes

XAS 20–100 nm No Trace Yes Yes
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from a very small area (in the order of 10 nm or less) of a single crystal 
tip resulting in high current density. There are variants to this gun 
confi guration. Cold FEGs emit at room temperature and have the dis-
advantage of requiring ultrahigh vacuum (10−8–10−9 Pa) to prevent the 
adsorption of gas molecules on the surface of the tip. This leads to 
a reduction of the emission current and to instabilities caused by 
an increase of the workfunction due to the surface contaminants. To 
reduce this sensitivity to adsorption, thermally assisted fi eld emission 
and Schottky emission sources have been introduced. Thermally 
assisted FEGs are based on the application of a high electric fi eld to W 
single crystal tips heated to about 1600 K. The emission also occurs 
through tunneling from a small area of the tip and the characteristics 
are similar to cold fi eld emission. The benefi ts of high temperature 
operation is the increased stability due to a cleaner tip at the expense 
of a higher energy spread of the emitted electrons as compared to cold 
FEG. The last type of source also considered in the class of FEGs is the 
Schottky gun. These guns are based on the Schottky emission principle 
that causes a reduction of the energy barrier for simple thermionic 
emission with a combination of electron image forces and strong elec-
tric fi elds applied to the tip (e.g., see Reimer, 1984; Solymar and Walsh, 
2004). Strictly speaking, the emission is therefore not due to tunneling 
as it combines thermal emission with high electric fi elds. Due to the 
high coherence and brightness, however, Schottky sources are also 
considered in the class of fi eld emission sources. To further decrease 
the workfunction, the W tip is generally coated with ZrO to increase 
the emission current. Optimal current stability is obtained with W 
crystals oriented so as to expose (100) crystalline facets and ZrO coating. 
The high operating temperature reduces the sensitivity to adsorption 
but it has the drawback that the material is sensitive to reactions with 
the gases present in the gun area. Ultrahigh vacuum is therefore 
required but at less strict levels than what is necessary for cold FEG. 
High current densities can be achieved with Schottky sources due to 
the very small emission area. High total emission currents can also be 
generated by controlling the extraction voltage and the gun lens opera-
tion parameters. In some implementations of the Schottky guns, total 
beam currents in the order of 100–300 nA can be achieved.

The previous description has been very qualitative and further ana-
lysis is required to effectively compare the performance of the various 
types of sources and understand the requirements for AEM. A key 
quantity characterizing the gun performance is the brightness of the 
source B defi ned as the current per unit area and solid angle

 B
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2 2 2  (1)

where ie is the current emission, d is the beam diameter, α is the con-
vergence angle of the cone containing the electrons, and πα2 is the solid 
angle corresponding to the cone. The units of B are A/(m2 sr) and the 
values scale with the accelerating voltage (B values are typically given 
at 100 keV) and are maintained throughout the optical system (from 
the emission source to the sample).
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The emission current density J for thermal sources is related to the 
material and the operation temperature T and follows the Richardson’s 
law

 J = AT2 exp(−φ/KT) (2)

where A is a constant of the material (the Richardson constant given 
in units of A/cm2 K2), and φ is the workfunction. The fi eld emission 
current is related to the tunneling process and thus to the electric fi eld 
at the tip. For Schottky emission, the workfunction is effectively reduced 
by a factor ∆φ due to the strong electric fi eld applied to the tip and 
becomes φ φ φ φ πεeff = − = −∆ e eE 4 0  where E is the electric fi eld (in 
the order of 108 V/m), ε0 is the vacuum permittivity, and e is the electron 
charge. This reduction of the workfunction arises from the well-
established Schottky effect (e.g., Solymar and Walsh, 2004) that effec-
tively increases the emission current by a factor exp(∆φ/kT) (Egerton, 
2005) due to the negative term in the exponential factor in Richardson’s 
law [Eq. (2)]. The temperature of the source will affect the temporal 
coherence of the source and the energy spread of the electrons due to 
thermal energy. The source size and the angular spread α will affect 
the spatial coherence. Considering the source size, the temperature of 
the source, the vacuum requirements, and the brightness, the sources 
can be compared (Table 4–3).

It is possible to comment on the merits of the various electron sources 
for AEM. The high brightness of the cold FEG makes it the ideal tool 
for analytical work requiring a small probe. Minimal source demagni-
fi cation is required as the source size is in the order of 10 nm although 
the ultimate probe size and shape will depend on electron optical 
considerations related to aberration of the probe forming optics (see 
below). An additional advantage of the cold FEG is the low energy 

Table 4–3. Comparison of sources.
   Schottky
   emission Thermal FEG Cold FEG
 Thermionic Thermionic FEG (ZrO on W (100) (W single
Characteristic W hairpin LaB6 W crystal) orientation crystal)

f (eV) 4.5 2.7 2.8 4.5 4.5

Jc (A/m2) ª104 ª106 ª107 ª107–108 ª109

a (rad) ª10-2 ª10-2 ª10-3 ª10-3–10-4 ª10-4

d (mm)a ª50 ª10 ª0.02–0.03 ª0.01–0.1 ª0.01

Brightness [A/(m2 sr)]b ª109 ª1010 ª1011–1012 ª1012 ª1012–1013

Temperature (K) 2700 1800 1800 1600 300

Energy spread (eV) 1–3c 0.6–2c 0.6–1.5c 0.6–0.8 0.3

Vacuum (Pa) 10-2 10-4 10-7 10-7 10-8

a Specifi c values depend on the exact tip confi guration.
b The brightness values are given for 100-keV electrons and scale linearly with accelerating voltage. The reduced 
brightness is given by B/V (where V is the accelerating voltage in volts).
c The energy spread is dependent on the operation condition of the gun (the bias of the Wehnelt, fi lament heating 
current, or the extraction voltage of the Schottky FEG).
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spread of the electron source allowing, in principle, detailed analysis 
of the energy loss near-edge structures in EELS spectra. Although the 
ultimate brightness of the Schottky sources is lower by about one order 
of magnitude, the practicalities of the less stringent vacuum and demon-
strated reliability have made the Schottky guns very common within 
the AEM fi eld. Worth mentioning is the fact that the total current might 
be a more important parameter for some AEM analysis techniques 
such as energy-fi ltered imaging when a large fi eld of view needs to be 
illuminated (with enough current per individual pixel in a map). In 
that case, the thermionic emission sources (LaB6 in particular) provide 
very large total currents. New research is in progress to develop alter-
nate even brighter sources by exploiting low workfunction materials, 
carbon nanotube electronic properties (Fransen et al., 2005), and semi-
conductor p–n junctions.

Once the electrons are accelerated by the anode stack to the high-
voltage potential of the TEM, the condensing optics demagnifi es (Figure 
4–12) the source image in the plane of the sample. In this chapter we 
will not describe the various aberrations and defects of lenses but refer 
the reader to other chapters in this book. We remind the reader, however, 
that all round electromagnetic lenses have positive spherical aberration 
coeffi cients Cs (in the order of Cs = 0.5–1.0 mm for high-resolution micro-
scopes offering limited sample tilt and a small polepiece gap and 
around Cs = 1.5–3 mm for large tilt and large polepiece gaps). Electro-
magnetic lenses also suffer from chromatic aberrations Cc in the order 
of Cc = 1–2 mm and that, just as in light optics, the wave nature of elec-

Figure 4–12. Schematic 
diagram of a fi eld emission 
electron gun with gun anodes 
(also called gun lens) and the 
accelerating anodes (acceler-
ating the electrons up to 
the accelerating voltage of 
the TEM). The illumination 
system consists of condenser 
lenses (C1, C2, Cm) and the 
objective lens (OL). See the 
text for function details.
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trons imposes a diffraction limit to the resolution as imposed by the 
Rayleigh criterion. Given these imperfections of the lenses and wave 
nature of electrons, the probe size at the specimen level d0 is limited not 
only by the demagnifi ed image source size ds but also by a combination 
of the aberration of the illumination system (spherical and chromatic) 
and the diffraction limit of the probe-forming aperture all added in 
quadrature (Spence and Zuo, 1992; Reimer, 1984)

 d2
0 = d2

s + d2
d + d2

sa + d2
c + d2

f (3)

where ds is the demagnifi ed source image, dd = 0.6λ/α is the diffraction 
limit broadening, dsa = 0.5 Csα3 is the spherical aberration broadening, 
dC = (∆E/E0)CCα is the chromatic aberration contribution of the probe 
forming lens, df = 2α∆f is the defocus contribution to a small defocus 
error where α is the convergence half-angle at the specimen determined 
by the condenser C2 aperture limiting the probe and ∆f is the defocus 
of the probe forming lens. The size of the unaberrated probe source 
image ds is related to the defi nition of brightness that, as mentioned 
above, is constant through the illumination system (from the gun to the 
sample) and is determined as d I Bs b= ( )2 πα  where Ib is the beam 
current. Calculations of the unaberrated source size therefore assume 
that the current at the sample is known (or can be measured).

Equation (3) assumes incoherent illumination, i.e., all electrons at the 
aperture are not in phase and every point within the aperture can be 
considered as an independent source. Strictly speaking, this assump-
tion is not valid for high brightness fi eld emission sources (and for 
particular operating conditions of thermionic electron sources) and it 
is necessary to defi ne the conditions where incoherence in illumination 
applies to determine the conditions of validity of Eq. (3) for the calcula-
tion of the probe size. Due to the various aberration terms in Eq. (3) 
there is an optimum probe size as a function of the illuminating angle. 
Plots for two microscope confi gurations and sources are shown in 
Figure 4–13 for a high-resolution microscope confi guration—not dedi-
cated to analytical work but for designed optimum imaging resolution 
(low tilt angle in the specimen area: ±20–24°)—and for a high-tilt ana-
lytical confi guration (±35–40°). It is clear that the use of FEG allows 
smaller probes. Based on the equations above and typical gun bright-
nesses for Schottky guns, it is possible to calculate the probe current 
dependence with probe size, calculated based on the incoherent illu-
mination condition, for an FEG and an LaB6 source (Figure 4–14). We 
also demonstrate the effect of reducing the spherical aberrations in the 
probe-forming lens using the recently developed correctors in a cold 
FEG-scanning transmission electron microscope (STEM) operating at 
100 kV based on the data reported in the literature (Dellby et al., 2001) 
(Figure 4–15). For the latter case, Eq. (3) needs to be modifi ed to account 
for the limited residual aberrations (see Chapter 2, this volume; Dellby 
et al., 2001).

As discussed above, the coherence of the source is a key concept that 
needs to be considered for high-brightness fi eld emission sources and 
analytical microscopy. In conditions of coherent illumination all elec-
trons can be considered to be emitted by a single point source and all 



288 G. Botton

Figure 4–13. Variation of the electron 
probe size for analytical TEM work as a 
function of the illumination aperture 
convergence for instruments equipped 
with different electron sources and 
lenses.

Figure 4–14. Variation of the electron 
beam current with electron probe size 
for two instruments equipped with a 
thermionic source and Schottky FEG.

Figure 4–15. Variation of the probe current as 
a function of probe size for a conventional cold 
fi eld emission source dedicated scanning trans-
mission electron microscope and an aberration 
corrected cold-FEG microscope. (From Dellby 
et al., © 2001. Reprinted with permission from 
the Japanese Microscopy Society.)
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are in phase in the illuminating aperture and on the electron wavefront 
at the sample. This condition implies that interference effects between 
electrons can occur. A detailed discussion on coherence and sources 
can be found in Spence and Zuo (1992) and we summarize the key 
elements of coherence relevant to the discussion on the probe size for 
the purpose of discussing the ultimate limits of the instrumentation. 
Following the concepts developed in classical optics, it is necessary to 
consider the transverse coherence width Xa concept related to the width 
of the electron beam in the plane of the condensor aperture Xa = 
λ/(2πθs) = fC2λ/(πds) where θs is the angular width of the probe of size 
ds (i.e., not the convergence angle) as subtended at the condensor aper-
ture (Figure 4–16). This angle can be determined geometrically given 
a probe size ds and focal length fC2 of the probe-forming lens. Source 
points in the aperture plane closer than Xa can interfere as in a slit 
experiment with coherent light. This transverse coherence term must 
be compared with the diameter of the probe-forming aperture DC2 to 
determine if the illumination is coherent or not. If Xa << DC2, the aper-
ture is incoherently illuminated and all points in the illumination 
aperture can be considered as emitting independently. Still, for a given 
aperture of convergence angle α incoherently fi lled, the coherence 
width will be Xs = λ/(2πα). Object points at the sample separated by a 
distance smaller that Xs will be illuminated coherently and will give 
rise to interference effects.

In the other extreme, if Xa > DC2, the aperture is coherently fi lled and 
the electron wavefront illuminating the sample will be in phase. For 
example, for the smallest probe in an FEG (say 0.2 nm), a C2 aperture 
of 5 µm would be coherently fi lled. At 200 keV, for a LaB6 emitter and 
a probe size of about 3 nm, one would need an aperture of 0.5 µm for 
the coherence criterion to be fulfi lled. By changing the illumination 
conditions (demagnifi cation of the source and reducing the accelerat-
ing voltage) and the condenser aperture, the coherence illumination 
condition could be achieved even for thermionic sources as demon-
strated by Dowell and Goodman (1973).

In coherent illumination conditions, the terms contributing to the 
determination of the probe size cannot be added incoherently as inde-

Figure 4–16. Factors entering 
the description of the source 
coherence for illumination of 
samples. (Adapted from Spence and 
Zuo, 1992.)
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pendent contributions [as done in Eq. (3)] and detailed calculations 
based on the incident electron wavefunction and the transfer function 
of the objective lens must be carried out. It has been demonstrated that 
with the judicious choice of defocus of the probe forming lens, sub-
Ångstrom electron probes can be obtained even without aberration 
correctors (Nellist and Pennycook, 1998) to improve imaging resolution 
albeit with very small currents and tails to the intensity distribution 
containing up to 50% of the beam current. Such beams, although rele-
vant for optimal imaging resolution, are therefore not suitable for ana-
lytical work. Optimum probe sizes (Mory et al., 1987) for analytical work 
are achieved with convergence αC and defocus ∆f conditions deter-
mined by αC = 1.27 Cs

−1/4λ1/4 and ∆f = −0.75 Cs
1/2λ1/2. In these optimal 

conditions, the probe size containing 80% of the intensity is d(80%) = 
0.4 Cs

1/4λ3/4. For aberration corrected instruments these terms need to be 
revised to correctly treat the contributions of the residual aberrations 
as discussed in Dellby et al. (2001) and in Chapter 2 (this volume).

2.2 Electron Optic Confi guration

In the discussion so far we have made abstraction of the technical 
aspects necessary to achieve the demagnifi cation of the source required 
for small probe analysis and the need to provide, with the same system, 
illumination at the sample for conventional imaging and energy-
fi ltered microscopy. Modern instruments capable of conventional TEM 
and STEM are based on the double condensing optic system (C1 + C2) 
with the addition of a supplementary weaker condenser lens Cm (called 
“condenser minilens” or “minicondenser”) and a strong magnetic fi eld 
before the sample (i.e., a prefi eld) generated by an objective lens (OL) 
composed of two parts: an upper lens and a lower lens surrounding 
the sample (Figure 4–17). “Parallel” illumination at the sample plane 
is achieved by a combination of C2 and Cm yielding, at the focal point 
of the objective lens, a convergent beam that is then made parallel by 
the strong upper objective lens fi eld (Figure 4–17a). A small probe 
required for analytical work or for STEM imaging and analysis in 
STEM mode is obtained by effectively optically switching the Cm off 
(using various schemes depending of the exact location of the Cm lens) 
and by making use of the strong OL prefi eld (of the upper objective 
lens) to achieve large convergence angles and large source demagnifi -
cation (Figure 4–17b). Practically speaking, this mode of operation is 
called the nanoprobe or energy-dispersive spectrometry (EDS) mode. 
STEM operation for these microscopes is achieved in exactly the same 
electron-optical confi guration. FEGs (cold and Schottky) have an addi-
tional electrostatic gun lens (Figure 4–12) leading to additional demag-
nifi cation of the source and more fl exibility in the gun operation. The 
strength of the C1 lens determines the fraction of electrons (hence the 
current) that will enter the C2 aperture and the demagnifi cation of 
the source. A strongly excited C1 lens will give rise to larger demagni-
fi cation and, conversely, a weakly excited C1 lens will result in a smaller 
demagnifi cation and more current entering the C2 aperture. In this 
fi xed operation mode, changes in the convergence angle are achieved 
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by changing the physical aperture size (using a strip aperture contain-
ing four to eight apertures, including a top hat Pt aperture for analyti-
cal work—see Sections 2.3.6 and 7.2 on instrumental contributions in 
EDXS analysis). Continuous change in convergence is achieved by 
controlling the strength of the Cm lens and OL prefi eld or/and addition 
of a third condenser lens.

The electron optical confi guration required for STEM imaging and 
analysis is achieved, in a TEM-STEM instrument capable of both opera-
tion modes and, as discussed above, with the combination of the Cm 
lens optically switched off and the subsequent focus of the nearly par-
allel beam into a small source image by the upper OL fi eld. The scan-
ning operation of the beam over the sample is carried out by defl ection 
coils located before the specimen (optically before the upper objective 
lens) so that the beam is shifted (but not tilted) on the specimen plane 
(Figure 4–18). As the beam is rastered pixel by pixel over the area of 
sample of interest, various signals (including analytical information) 
can be recorded sequentially at each position to form images and ele-
mental maps based on analog or digital signals recorded synchro-
nously (e.g., bright-fi eld, secondary electrons, backscattered electrons, 
annular dark-fi eld electrons, and EELS, EDXS, etc). Dedicated com-
mercial STEM instruments (offering no TEM operation mode) built by 
the company Vacuum Generator in the 1980s and 1990s have tradition-
ally been equipped with cold FEG and, in the later models, operate 
with a gun lens, two condenser lenses, and an asymmetric objective 
lens (no imaging lenses are necessary). Their design is based on the 
gun located at the “bottom” of the microscope column for stability 
reasons with the detectors at the “top.” New commercial instruments 

Figure 4–17. Electron optical 
confi guration of the illumina-
tion system of a double-objective 
lens system. Confi guration (a) 
describes the formation of paral-
lel illumination while confi gura-
tion (b) describes the conditions 
needed to achieve a highly 
convergent and small focused 
electron beam.
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developed based on the same approach and equipped with aberration 
correctors are in development (Krivanek, 2005). Dedicated STEM 
instruments based on the upper portion of a conventional TEM column 
(but in this case without imaging lenses) are also available. These 
instruments are designed for quick and simple operation particularly 
popular for routine analysis in device fabrication environments.

As supplementary information, we should briefl y note that the pro-
cesses of image formation and interpretation in STEM mode and TEM 
mode are closely linked by the reciprocity theorem further discussed 
in Chapter 2 (this volume) and earlier references (Cowley, 1986; 
Humphreys, 1979). This principle links the electron source in STEM to 
a detector point in the TEM image (pixel on a camera or negative plate) 
and the detector in STEM to the source of electrons in TEM. Effectively, 
the principle states that for identical optical components, sources, and 
detectors, STEM and TEM images will show the same resolution, and 
contrast. Given the respective strengths and weaknesses of these tech-
niques (related to the fi eld of view, recording time, dose, sequential 
recording, and analytical signals) the techniques should be considered 

Figure 4–18. Electron optical confi guration for STEM operation showing the 
role of the defl ection coils in shifting the electron beam over the sample 
(without tilt of the beam) and the detection of signals on the dark-fi eld STEM 
detectors and bright-fi eld or energy-loss spectrometer. (Adapted from Gross 
et al., 1987.)
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as complementary and not competitive (Cowley, 1986). Practically, this 
implies that materials analysis, and AEM in particular, should involve 
all possible optimized techniques and instrumentation both for TEM 
and STEM approaches. As demonstrated in the case of EELS analysis, 
energy-fi ltered imaging carried out in the TEM mode is highly comple-
mentary to the scanning EELS imaging method with both approaches 
offering advantages and presenting limitations (Section 6).

2.3 EDXS Detector Systems

2.3.1 The EDXS Detector
In AEM experiments, photons are emitted in the sample following 
ionization of atoms by the primary incident electrons and subsequent 
deexcitation process. The energy of these photons is in the X-ray part 
of the electromagnetic spectrum (a few hundred electronvolts to a few 
tens of kiloelectronvolts) and we therefore refer to them as X-rays. In 
the analytical TEM, the most common and effective tool for the detec-
tion of X-rays is the energy-dispersive detector that is attached to the 
microscope column (refer to Figures 4–2 and 4–19) with the active 
component detecting the X-rays located as close as possible to the 
sample. Alternative approaches to detect X-ray signals with wavelength 
dispersive detectors have been attempted in prototype systems but 
have not been commercially implemented due to low effi ciency (serial 
analysis of X-rays energies) and compatibility with the geometry of the 
microscope column (solid angle, vacuum etc.). The key component of 
the energy-dispersive X-ray detector is a semiconductor material (Si or 
Ge) that absorbs incident photons by generating electron hole (e–h) 

Figure 4–19. Schemat-
ics of a commercial 
EDXS detector showing 
the detector front, the 
Dewar system to cool 
the detector, and various 
components that are 
interfaced in the elec-
tron microscope. (Cour-
tesy of N. Rowlands, 
Oxford Instruments.) 
(See color plate.)
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pairs through photoelectric effect. When this process occurs in an 
electric fi eld, a current pulse is generated and subsequently measured 
by low-noise electronic components. Detectors based on Si are more 
commonly used in AEM because of the lower cost than Ge-based 
detectors (described below). Due to the fact that very high purity Si 
crystals are not available, Li additions in Si are used to compensate for 
residual impurity dopants that would create undesirable recombina-
tion sites for electronhole pairs and uncharacteristic current related to 
the existence of impurity-generated acceptor levels (thus holes in the 
valence band). The Li role in the so-called Si(Li) detectors is therefore 
to effectively create an intrinsic semiconductor region where e–h pairs 
generated by the incident photons produce a current fl ow that can be 
measured. Incident photons generate e–h pairs at the rate of 1 pair/
3.8 eV. The number of e–h pairs generated in the “active layer” of the 
detector is thus proportional to the incident photon energy (which is, 
in turn, related to the energy level involved in the transitions following 
ionization of the atom by the incident electron beam). For Ge detectors, 
high-purity crystals can be obtained and Li additions are not 
necessary.

The electric fi eld in the detector necessary to cause the current fl ow 
is generated by metallic contacts (Au) (Figure 4–20) on the front and 
back surfaces of the crystals (typically 3 mm thick) and the application 
of a bias (0.5–1 kV) between the front and back of the detector with 
electrons traveling to the positive electrode and holes to the negative 
electrode. Some loss of charges occurs, however, in proximity of the 
contacts due to recombination in the charges near the metallic contact 
(about 200 nm in width). These regions are typically referred to as 
“dead-layers” in the literature as they do not contribute to the genera-
tion of signal and transfer of charge. The thickness of the crystal is 
normally large enough to convert all the photons to e–h pairs but for 

Figure 4–20. Diagram of 
an EDXS detector demon-
strating the various ele-
ments of the detector 
contacts, the dead layer, 
and the preamplifi er. 
(Adapted from Woldseth, 
1973.)
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high-energy X-rays, transmission through the detector is possible. 
Measurement of the current is carried out from the back electrode, 
which is connected to a fi eld effect transistor (FET) that acts as a fi rst 
stage of amplifi cation.

The detector and FET are cooled to low temperature by a Cu rod 
connected to a liquid nitrogen reservoir (Figure 4–19) to prevent the 
diffusion of Li in the electric fi eld and to reduce the thermal noise of 
the e–h generation and the FET electronics. The mechanical design of 
the detector assembly is crucial to reduce the transfer of mechanical 
vibrations into noise in the spectra. For example, bubbling in the Dewar 
arising from fl oating ice crystals and vibrations from the microscope 
frame or other components (such as fans) touching the detector can 
result in additional noise. The detector should therefore be supported 
by the same support mechanism as the frame of the microscope column 
and be isolated from the rest of the microscope components.

2.3.2 Detector Windows
Due to the low operating temperature, the detector can act as a cold 
trap attracting contaminants to the detector front. For this reason, 
detector windows are used to isolate the detector from the vacuum of 
the microscope (Figure 4–21). The window technology has evolved in 
recent decades with the initial technology based on Be windows (7–
8 µm in thickness) allowing X-rays for elements down to Na to be 
detected due to the absorption of lower energy photons in this mate-
rial. This limitation for the detection of light elements has led to the 
development of polymer-based thin windows and some implementa-
tion of systems without windows at all (called windowless detectors). 
Various polymer-based window materials are available in ultrathin 
windows (UTW). These use proprietary technology combining light 
element composites (polymers, diamond, nitrides, etc.) some of which 
are strong enough to withstand atmospheric pressure (labeled as atmo-
spheric thin windows—ATW). Due to the combination of various X-ray 
absorbing materials the sensitivity of the detector system for light ele-
ments strongly varies at low energy due to the absorption the “soft” 
X-rays into the window material. UTWs, for example, allow detection 
of elements down to B but with reduced sensitivity as compared to 

Figure 4–21. Schematics of the detector front of a TEM with components 
inserted into the TEM column detector window. (Courtesy of N. Rowlands 
and A. Kirk, Oxford Instruments.)
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windowless detectors that are actually able to detect X-rays down to 
the BeKα line. The latter technology, however, normally requires the 
use of ultrahigh vacuum in the microscope to prevent rapid contamina-
tion of the crystal by the microscope environment and the related 
absorption of soft X-rays by the ice contamination layer. Whether win-
dowless or UTW, most detectors are equipped with crystal heaters that 
gently warm up the crystal surface causing desorption of the ice layer 
built up on the crystal surface. Ice contamination is revealed by a 
reduction of the intensity of soft X-ray lines as compared to higher-
energy lines such as demonstrated by the NiL/NiK ratios measured as 
a function of time. Since the Ni-L line at 0.85 keV is much more strongly 
absorbed than the NiK (at about 7 keV) set of lines the ratio is an 
effective means to appreciate the contamination effect (L’Espérance 
et al., 1990).

The detector effi ciency (Figure 4–22) accounts for all these effects 
and represents the fraction of X-rays that is transmitted through the 
window system as compared to the incident intensity as a function of 
energy. Windowless detectors still show an important drop in effi -
ciency at low energy due to the presence of the dead layer and metal-
lization in front of the intrinsic active portion of the detector. Even for 
UTW and ATW detectors, the effi ciency drops signifi cantly for low-
energy X-rays resulting in diffi culties for the analysis of light elements 
in low concentration. Discontinuities in the detector effi ciency are 
visible at the energies corresponding to the absorption edges of the 
elements contained in the window material (e.g., C, O, B, N, for example), 
the detector, and metallization. As discussed above, metallization is 
required for the application of a bias on the semiconductor crystal but 
it is also necessary on the window material to prevent light (generated 
by some samples by cathodoluminescence) from entering the detector 
system and resetting the signal amplifi cation system.

Figure 4–22. Detector effi ciency curves for various materials used as detector 
windows. (From Williams and Carter, © 1996, with permission from Springer 
Science+Business Media.)
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In addition to the fact that high-purity Ge (HPGe) crystals can be pro-
duced and no Li additions are required, Ge-based detectors offer the 
advantage that the absorption of X-ray is stronger (1 e–h pair/2.9 eV) and 
higher-energy lines can be analyzed as the related high-energy X-rays 
are not transmitted through the crystal. The width of the X-ray peaks is 
narrower for Ge detectors than Si(Li) detectors leading to better sensitiv-
ity and less overlap in measurements. Some AEM systems are therefore 
equipped with a combination of both Si(Li) and HPGe detectors for a 
more effi cient analysis of X-rays from a larger range of elements.

2.3.3 Signal Processing
The e–h pair-generated current is detected by the FET as a pulse signal 
that is subsequently fed into a main amplifi er system as a voltage. The 
sequence of pulses, separated by a time interval, generates a staircase 
signal where each step represents a photon arrival and the height is 
linked to the energy of the photon. After the integrated signal reaches 
a threshold level, the FET must be reset to a base value by the means of 
a light pulse generated by a light-emitting diode in a “optoelectronic 
feedback” system. This is necessary to avoid saturation of the signals. 
Each step rise lasts in the order of 150 ns. Pulses can be amplifi ed and 
shaped for subsequent analysis (to determine exact height and thus 
photon energy) with analog technology. Analog systems give the user 
fl exibility on the process time of the pulse and thus accuracy in the 
signal analysis. High processing speeds of pulses (in the order of few 
microseconds process time per pulse) result in low energy resolution of 
the peaks due to the uncertainty in the pulse height and thus the energy 
of the photon. Low processing speed (about 50 µs/pulse) results in more 
accurate determination of the pulse height and more accurate determi-
nation of the X-ray energy. During analysis of the pulses, the detector is 
effectively not able to process more photons entering the detector result-
ing in analysis dead time, which represents the time the detector is not 
processing signals. Due to this limitation, the output count rate is not 
linear with input count rate at high X-ray fl uxes. Count rates imposing 
detector dead times in the order of 60% are acceptable for modern 
systems and exhibit a nearly linear response. Above 60% dead time, 
there is a drop in the output rate with an increase in the input rate. 
Therefore, with thick samples and thus large photon fl uxes, high pro-
cessing speeds are required to reduce the process time and the resulting 
dead time. Recent developments have allowed much faster pulse pro-
cessing with digital technology resulting in higher throughputs of 
signals and linear response of the system with respect to the input 
count rates. With digital technology, the voltage rise output from the 
FET is directly digitized and can subsequently be processed with 
numerical pulse processing techniques leading to reduced noise and 
better high-count rate responses. Details of the various tests and proce-
dures to determine linearity of the system response and examples are 
given in Williams and Carter (1996) and Goldstein et al. (2003).

2.3.4 Peak Shapes
The intrinsic width of an X-ray emission line is in the order of 1–2 eV. 
The width of the X-ray peaks as processed by the detector system, 
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however, depends on the generation of e-hole pairs and the noise intro-
duced during the measurement process. A peak in the spectrum rep-
resent the distribution of X-rays “detected” at a given energy with each 
incident photon generating a variable number of e–h pairs due to sta-
tistical fl uctuations in the generation process. The standard deviation 
of the number of e–h pairs produced is one of the factors affecting the 
width of the peaks. The noise of the detector system and detector 
collection artifacts, however, also contribute to the broadening. The 
broadening due to the statistical generation of e–h pairs is given by 
∆E FEs = 2 35. ε  with ε representing the energy for e–h pair creation 
(3.8 eV in Si, 2.9 eV in Ge), E the energy of the X-ray peak, and F a 
parameter representing the statistical correlation in the e–h pair gen-
eration process known as the Fano factor, which varies between 0 and 
1. F = 1 if there is no correlation between the e–h generation events and 
F = 0 if the processes are completely deterministic (the process is com-
pletely reproducible and yields the same result time after time). Noise 
and artifacts also contribute to the broadening ∆EN yielding a total 
broadening of a Gaussian peak distribution ∆E = FWHM (full width 
at half maximum) of the X-ray peaks as

 ∆E2 = (∆Es)2 + (∆EN)2 = (2.35)2 εFE + (∆EN)2 (4)

For Si(Li), F = 0.12, and the FWHM of the MnKα line (used as a refer-
ence for resolution because of availability of radioactive standards 
producing MnKα peaks) is around 138–140 eV. If the noise contribu-
tions were completely removed, the theoretical resolution is solely 
based on the e–h generation process and would be around 110 eV for 
the MnKα peak. The energy width decreases at lower energy with 
FWHM below 100 eV for light elements. Since the noise term is not 
linear with energy and depends on the processing time of the amplifi -
cation system, a full prediction of the peak resolution depends on the 
operating conditions and energy. Reference values given for the MnKα 
lines are used to compare the electronics and detector performance 
and are usually given at optimum process time with typical values 
around 140 eV FWHM at the MnKα line. Improved energy resolution 
is achieved even for high count rates on digital detectors and with 
HPGe detectors due to the lower ε values (FWHM for MnKα is around 
120 eV). Noise introduced by vibrations (e.g., mechanical coupling with 
environment and/or ice crystals fl oating in the Dewar) can also con-
tribute to peak broadening, hence lowering the spectral resolution, and 
should be minimized.

2.3.5 Detector and Signal Processing Artifacts
A summary of detection artifacts is presented here with further details 
given in more extended reviews (e.g., Goldstein et al., 2003; Williams 
and Carter, 1996). In perfect detector conditions, the peak shape is 
expected to be Gaussian but small distortions can arise if the genera-
tion of e–h pairs is perturbed. For example, recombination of e–h pairs 
in the dead layer or at lattice defects generated by high-energy incident 
electrons accidentally entering the crystal can give rise to a phenome-
non known as incomplete charge collection. This effect gives rise to 
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low-energy tails in the peak distribution as not all the e–h pairs are 
collected.

Incident X-rays can cause fl uorescence of the SiKα line (or a Ge line). 
If SiKα photons are not absorbed within the detector and exit the active 
area, incident photons will have lost a fraction of their energy in this 
process equivalent to the SiKα ionization energy (1.74 keV). This will 
cause an “escape peak” in the spectrum at an energy Ees = E − ESiKα. This 
effect is particularly important when small trace elements are investi-
gated since there is potential overlap between Ees and X-ray lines (for 
example Fe overlaps with the escape peak of the CuKα line).

If the count rate is high, there is the possibility that two incident 
photons of energy E will be perceived by the pulse counter as one 
single photon of energy 2E. This effect, known as a “sum peak,” is visible 
when count rates are above the reliable limit of the system (which of 
course varies depending on the processing technology). High count 
rates, leading to dead times greater than around 60%, are likely to lead 
to sum peaks.

Internal fl uorescence peaks can be also detected if the incident photons 
generate a Si (or Ge) Kα peak in the dead layer of the detector, which 
is subsequently detected in the active area of the detector. This effect 
is small but can, once again, be signifi cant for trace analysis.

High-energy incident electrons can also generate spurious signals 
and damage the semiconductor crystals. The location of the detector 
and the operation of the microscope should be such that these contribu-
tions are minimized (for example, objective apertures must be removed 
during acquisition).

2.3.6 Geometry of the EDXS Detector in the AEM
To optimize the solid angle and thus the collection of the X-ray radia-
tion generated by the incident electron, the detector is placed as close 
as possible to the sample area (Figure 4–23). The Si(Li) detector active 
area A is typically 10 mm2 with recent systems as large as 30 mm2. For 
a detector positioned at a distance R with respect to the optic axis (and 
the origin point of the emission) the solid angle Ω = A/R2 (measured 

Figure 4–23. Interface of the detector with the microscope sample area. 
(Adapted from Otten, 1996.)
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in steradians) is the key parameter determining how effective the 
system collects emitted X-rays. For optimal solid angle, the detector 
normal is in direct line of sight to the emission point and not tilted 
away from it. Typical solid angles in current AEM are 0.13 sr but with 
combinations of large detector areas and effective coupling with the 
microscope specimen area, solid angles in the order of 0.3 sr have been 
achieved. For Ω = 0.13 sr the fraction of collected X-rays with respect to 
the full emission solid angle is only 1%! The detection of X-rays is 
therefore a very ineffi cient process considering that the X-ray emission 
is fully isotropic.

The elevation angle (also known as the “take-off” angle in the litera-
ture) is an important parameter affecting the quantifi cation of data 
through the absorption correction and the quality of the spectra. A 
large elevation angle minimizes the path length of X-rays into the 
sample (see the quantifi cation section) and also reduces the continuum 
background emission, which is forward peaked. High detector eleva-
tion angles, however, are impractical in the TEM due to the fact that 
the detector would need to be above or within the objective lens at a 
large distance from the sample, resulting in even lower collection effi -
ciency. In addition, backscattered electrons have direct sight to the 
detector and can cause signifi cant contributions and potential damage 
to the detector. Lower elevation angles (0–20°) allow larger solid angles 
and lead to an effective shielding of the backscattered electrons by the 
objective lens magnetic fi elds. This shielding is not as effective for high 
elevation angles.

The interest in large solid angles and the proximity of the detector 
to the sample lead to signifi cant drawbacks in terms of spurious signal 
collection. The fi eld of view of the detector is much larger than the 
sample area and X-rays generated by backscattered electrons or by 
fl uorescence of hard X-rays generated in upper parts of the illumina-
tion area of the microscope easily enter into the detector (see Section 
7.2). High-energy backscattered electrons can also enter the detector 
and generate additional secondary electrons/X-rays while low-energy 
electrons would spiral away from the detector due to the high magnetic 
fi eld of the objective lens or the presence of a magnetic trap in the 
detector system (Figure 4–19). To reduce these effects, detectors are 
equipped with collimators that limit the fi eld of view to the smallest 
possible area, thus preventing hard X-rays generated in the illumina-
tion system from directly hitting the detector, and contain baffl es that 
reduce the effects of potential incident backscattered electrons that 
might enter the collimation system.

Many other contributions arising from stray electrons hitting the 
microscope components such as apertures, cold traps, the polepieces, 
etc. lead to increased noncharacteristic signals resulting in weak detec-
tion limits. As demonstrated in the work of Nicholson et al. (1982), 
many of these contributions can be reduced by improving the micro-
scope and detector chamber using coatings to cover the microscope 
components with low atomic number materials and by improving the 
collimation system. These effects can be minimized in systems using 
the precautions discussed in Section 7.2.
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2.4 EELS

2.4.1 Spectrometers
The measurement of energy losses suffered by the incident electrons 
as they exit the sample is carried out with energy loss spectrometers. 
These devices also make it possible to select electrons with a particular 
energy loss (or no loss at all) with the use of energy-selecting slits. The 
ability to select electrons with a particular energy loss is called energy-
fi ltered microscopy. The technique also allows the operator to obtain 
images and diffraction patterns where parts of the inelastically scat-
tered electrons are fi ltered out so that information deriving from the 
elastically scattered electrons only is used.

These instruments are based on the use of a magnetic fi eld that 
modifi es the trajectory of the electron according to the electron energy. 
The radius of curvature Re of the electron trajectory is related to their 
velocity ν and magnetic fi eld strength Bf as

 R
m

eB
ve

f
=

γ 0
 (5)

where γ = −1 1 2 2v c  is the relativistic factor and m0 is the rest mass 
of the electron. Slower electrons will follow trajectories with a smaller 
radius of curvature and will be dispersed on a detector plane located 
after the spectrometer. The dispersion refers to the separation of elec-
tron energies in space and is typically in the order of 1–2 µm/eV at 
100 keV. The exact location of this detector depends on the implementa-
tion of the spectrometer and its coupling with the microscope column 
(see below). The most common electron optical component generating 
the magnetic fi eld is a magnetic sector (used in various confi gurations, 
whether the spectrometer is implemented within the microscope 
column or after the viewing chamber of standard TEMs). Current fl ow 
in the prism generates the required fi eld Bf that disperses the electrons 
(Figure 4–24). Other approaches to fi ltering have been implemented in 

Figure 4–24. Prism spec-
trometer system showing 
the bending of electrons 
as they travel through the 
spectrometer. Dispersion 
of electrons according to 
their energy is achieved 
by the spectrometer in one 
direction and focusing is 
achieved in the other 
direction of travel.
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prism-mirror spectrometers (see below) and Wien spectrometers, 
which combine magnetic and electrostatic fi elds in different confi gura-
tions (Egerton, 1996).

Two types of energy fi ltering spectroscopy approaches should be 
distinguished (Figure 4–25). The so-called in-column fi lter/spectrom-
eters are located within the projector lens system/postspecimen area 
of the microscope column. These spectrometers generate electron tra-
jectories and dispersion that will result in the transfer of the electrons 
into the projector lens system and viewing chamber of the microscope. 
The alternative approach is realized with the postcolumn spectrome-
ters/fi lters attached at the bottom of the microscope column. In the case 
of in-column fi lters, energy loss spectra and/or energy fi ltered images 
(obtained by selection of electrons of a particular value of energy loss 
using a slit) are realized. For postcolumn spectrometers, dedicated 
imaging lenses are required to generate energy-fi ltered images after 
selection of electrons of a particular energy loss. Two implementations 
of postcolumn spectrometers therefore exist. For acquisition of spectra 
only, the magnetic prism is followed by a series of optical components 
dedicated to increase/vary the dispersion at the detector system. For 
energy-fi ltered imaging, a more elaborated series of nonround lenses 
(i.e., based on multipoles) and a removable energy selecting slit are used 
to provide both spectroscopy and imaging capabilities.

There are various implementations of in-column fi lters. The earliest 
commercial applications were based on the electrostatic mirror-prism 
system initially proposed by Castaing and Henry (1962) implemented 
in the Zeiss microscope (Figure 4–26a). These instruments were devel-
oped on 80 keV microscopes and thus remained very popular for bio-
logical applications, although excellent fundamental electron scattering 
experiments were carried out on such instruments (Mayer et al., 1995). 
The fi rst portion of the prism is used for an initial dispersion and the 

Figure 4–25. Schematic diagrams 
of energy-fi ltered electron micro-
scopes. The postcolumn confi gura-
tion (left) is based on the simple 
prism attached at the bottom of the 
microscope while the in-column 
confi guration (right) is achieved by 
various components inserted in the 
projector lens system.
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electrostatic mirror’s function is to defl ect the electrons back on the 
second section of the prism and then the optic axis. The mirror voltage 
must be close to the accelerating voltage of the microscope. After the 
mirror-prism, electrons are dispersed and continue to travel down the 
optic axis of the microscope. Energy-fi ltered images are obtained by 
allowing electrons to pass through the slit and the projector lens 
system. Energy loss spectra, angular resolved energy-scattering dia-
grams (showing the energy loss distribution as a function of scattering 
angle), and fi ltered images and diffraction patterns can be obtained by 
careful selection of the operating conditions of the microscope and 
crossover points. This can be achieved by selecting, with the micro-
scope postspecimen lenses (objective, intermediate), the object point 
entering the spectrometer and the transfer of the crossover points on 
the viewing screen. Subsequent implementations of the in-column 
fi lters in higher voltage instruments (100, 200 keV microscopes) are 
based on OMEGA-type spectrometers that use four magnetic sectors 
(Figure 4–26b) generating the dispersion and transfer of electrons back 
onto the optic axis of the microscope. Aberrations of the spectrometer 
that lead to loss of resolution in spectra and generate nonuniformities 
in the energy distribution of electrons in images are reduced by a 
combination of design of the magnetic sectors entrance and exit faces, 
the symmetry of the confi guration (the fact that the aberration of the 
fi rst two sectors is compensated by the aberrations in the opposite 
direction of the third and fourth sectors), and the use of a series of 
multipoles within the path of the electrons. These fi lters are introduced 
within the projector lens system (Figure 4–27). The last implementation 
of in-column spectrometers is the Mandolin fi lter recently developed 
(Essers and Benners, 2006) (Figure 4–26c). This fi lter generates larger 
dispersions (a factor 3 larger than OMEGA) and is optimized for lower 
aberrations. This system is ideally suited for energy fi ltering with very 
narrow energy windows and large fi elds of view.

a b c

Figure 4–26. Various in-column spectrometer confi gurations. (a) Mirror-prism spectrometer, (b) 
OMEGA fi lter, and (c) Mandolin fi lter. (Courtesy of P. Schlossmacher, Zeiss SMT.) (See color plate.)
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Images, diffraction patterns (fi ltered/nonfi ltered), and spectra for 
in-column fi lters can be observed directly on the viewing screen of 
the microscope and recorded with analog techniques (on negatives), 
imaging plates, or a digital camera following conversion of the 
incident electrons to photons using scintillator materials (YAG, 
phosphor, etc.).

For postcolumn spectrometers/imaging fi lters, the technology is 
based on the magnetic sector (Figure 4–24). Aberrations of the prism 
can be minimized through design of the spectrometer entrance and 
exit faces and the use of multipole correcting elements before the prism. 
Only one prism generates the required dispersion to form a spectrum 
in the dispersion plane. The early spectrometers were used to generate 
energy loss spectra by making use of a serial detection system where 
the spectrum is scanned, using an electrostatic fi eld, in front of an 
energy slit. The number of electrons (or the current) entering the slit 
is subsequently measured with a scintillator detector and photomulti-
plier with pulse counting or current measurement methods. This serial 
detection process (one energy recorded at a time) is extremely ineffi -
cient for recording large energy ranges (several seconds/minutes) and 

Figure 4–27. Schematic diagram of the 
in-column energy-fi ltered microscope 
(Zeiss-Libra 200). (Courtesy of P. 
Schlossmacher, Zeiss SMT.) (See color 
plate.)
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therefore parallel detectors were developed in the late 1980s (Krivanek 
et al., 1987) to record a portion of the spectrum of 1024 energy channels. 
For this early technology, the slit is replaced by a series of multipole 
lenses (three quadrupoles) to focus and magnify the spectrum (Figure 
4–28). These optical elements change the prism dispersion (from about 
1.8 µm/eV at 100 keV) to up to 1 mm/eV at the detector plane (Krivanek 
et al., 1987). Incident electrons are converted to photons using a scintil-
lator material (e.g., YAG) and a photodiode array (with 1024 channels) 
is used as the recording system with acquisition times as short as 25 ms. 
Recent commercial spectrometers have more complex optics (better 
focusing capability and aberration correction of the magnifi cation 
lenses), new scintillator materials with improved transfer function, 
and improved transfer of the generated light between the scintillator 
and detector. Fast-readout two-dimensional arrays (now about 100 × 
1200 pixels) allow acquisition of more than 100 spectra per second in 
commercial systems (the ENFINA spectrometer from Gatan). Noncom-
mercial systems have achieved the same readout performance and 
used optical lenses to transfer the signal generated in the scintillator 
to two-dimensional (2D) detectors (Tencé, 2002).

For the acquisition of energy-fi ltered images using postcolumn fi lters, 
a series of multipole lenses (Figure 4–29) is used to transform the spec-
trum at the slit plane back to an image (or diffraction pattern) at the 
detector plane and to correct the image distortions and aberration. This 
“transformation” is possible because both the in-column fi lter and the 
postcolumn prism are electron optical components that produce, at the 
dispersion plane, spectra that contain information on the object that 

Figure 4–28. Schematic diagram of the parallel EELS spectrometer. (Adapted 
from Krivanek et al., 1987.)
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enters the spectrometer. The slit allows selection of the electrons with 
the energy loss of interest, which is subsequently used to form an 
image at the detector plane. As for the in-column fi lters, both images 
and diffraction patterns can be obtained in the detector plane of post-
column fi lters depending on whether an image or diffraction pattern 
is projected at the entrance plane of the spectrometer. Worth mention-
ing is the use of fi lters to remove inelastically scattered electrons from 
diffraction patterns (Figure 4–30) of thick samples to enhance the vis-
ibility of the dynamic structure in the convergent beam disks and to 
retrieve quantitative information on structure factors (Saunders, 2003). 
Further details of the optical function, aberration of the spectrometers, 
and fi lters have been described extensively (Rose and Krahl, 1995; 
Krivanek et al., 1991a, 1995a; Egerton, 1996).

a)

b)

Figure 4–29. (a) Postcolumn imaging fi lter (Gatan Imaging Filter GIF); 
schematic diagram of the electron optics components and detection system 
(top diagram). (Adapted from Krivanek, Gubbens et al., 1991a.) (b) Actual 
spectrometer [Gatan’s GIF 2000 series spectrometer (Tridiem model)] and 
components (bottom diagram). (Courtesy of M. Kundman, Gatan.) (See color 
plate.)
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Alignments in postcolumn fi lters are carried out using automated 
routines tuning the multipole lenses functions so as to minimize dis-
tortions, aberrations, and the uniformity of the energy within the fi eld 
of view so that every point in an image corresponds to the same energy 
loss (the isochromaticity). The detection of images in postcolumn fi lters 
can only be carried out using scintillators and CCD cameras.

From a practical point of view, in-column energy fi lters offer the 
advantage that energy-fi ltered images can be directly observed on 
the microscope viewing screen while the postcolumn fi lters offer the 
advantage of being added to a microscope column as a optional attach-
ment. As various implementations and models of in-column and post-
columns exist, a detailed comparison of the two fi ltering techniques 
should be carried out cautiously based on the type of application of 
interest and thus the specifi c relevant parameters for that application.

2.4.2 New Developments: Monochromators
Based on the interest in energy loss near edge structures and for the 
purpose of increasing the temporal coherence terms of the imaging 
transfer function, the energy spread of the electron energy source must 
be decreased. One approach is to use electron guns with narrower 
energy distribution (e.g., see Table 4–1 in Section 2.1). This approach is 
limited to about 0.3 eV energy distribution with cold FEG as measured 
at the FWHM of the energy distribution. For cold FEG, the distribution 
is nonsymmetrical due to the nature of the tunneling process, which 
follows a Fowler–Nordheim distribution. Although this energy width 
allows the acquisition of good quality energy loss spectra where the 
intrinsic broadening of the features is in the order of 0.3 eV or greater, 
there are cases when spectra obtained with electrons having a nar-
rower energy distribution is of interest (Terauchi et al., 1999; Egerton, 

a) b)

Figure 4–30. Energy-fi ltered electron diffraction pattern of Si (110) orientation. (a) Pattern recorded 
by selecting only the electrons that have lost no energy (Zero-loss fi ltering) and (b) pattern recorded 
without energy fi ltering.
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2003; Lazar et al., 2003; Mitterbauer et al., 2003). This can be achieved 
with gun monochromators and improvements in microscope stability 
and spectrometer resolution (Barfels et al., 2002). Improvements in 
energy resolution to 0.1 eV have been obtained in recent commercial 
instruments based on various approaches (Figure 4–31). Three types 
of monochromators have recently been developed commercially based 
on the Wien spectrometer (Tiemeijer et al., 2001), the double focusing 
Wien spectrometer (Tanaka et al., 2002), and the omega-type fi lter 
(Uhlemann and Haider, 2002). The effect of monochromation on the 
energy distribution of the incident electrons is shown in Figure 4–32 
and on spectra in Figure 4–33.

2.5 Sample Preparation Requirements

Although the quality of the microscope and of the vacuum are key 
elements of good AEM work, sample preparation and cleanliness are 
certainly factors affecting the quality of the data. To avoid sample 
contamination buildup under the electron beam, plasma cleaning of 
the samples with dedicated systems prior to insertion into the TEM 
column has become a routine practice. This technique gently burns off 
all hydrocarbons built up on the surface of the sample so that diffusion 
of the species during analysis in the TEM is no longer possible. An 
alternative to this approach is to gently heat the samples prior to inser-
tion on the TEM with a halogen lamp in vacuum (it is possible to build 
such a system with off-the-shelf vacuum components) at temperatures 
of about 70–80°C. Although this technique does not replace the plasma 
cleaning approach, it is a solution for samples that might be sensitive 

Figure 4–31. Various implementations of monochromators in commercially available instruments. 
Left: The FEI monochromator, single Wien fi lter. (Courtesy of P. Tiemeijer, FEI Company.) Center: The 
JEOL monochromator double-Wien fi lter. (Courtesy of JEOL Ltd.) Right: The lectrostatic omega fi lter 
implemented in the Libra Zeiss microscope. (Courtesy of M. Haider, CEOS GmbH.) (See color plate.)
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to the reactive gases used in the plasma process and often solves 
contamination problems due to the sample. Samples permitting, 
alternatives are also low-energy milling (a few hundred electronvolt 
ions) prior to sample insertion (with regular mills or dedicated low-
energy systems). Cooling samples in a dedicated cryogenic analytical 
holder in the TEM also reduces the contamination buildup during 

Figure 4–32. Zero-loss peaks 
obtained with a monochromator 
switched on using a Schottky FEG 
source (with stabilized electronics); 
the same instrument with the 
monochromator switched off and 
with a cold-fi eld emission source 
(VG-STEM).

Figure 4–33. Effects of a monochro-
mator on the visibility of peaks of 
the Ti L23 edge in CaTiO3. Clearly 
resolved are the small triplet states 
in front of the fi rst strong peak.
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analysis but at the expense of increased drift rate during very long 
analyses.

Removal of the amorphized layer produced by ion milling has become 
an increasingly common approach as ever thinner samples are used to 
achieve the ultimate spatial resolution in analysis. A combination of 
mechanical polishing and low-energy milling has proved excellent for 
obtaining very clean samples and minimal amorphous damage. Several 
manufacturers offer these new approaches to improve the quality of 
the samples. Often these methods make the difference between suc-
cessful work, major scientifi c breakthrough, and plain disaster!

2.6 New Developments in Electron Optics

In recent years, there have been signifi cant developments in electron 
optics that have led to a new generation of instruments with much fi ner 
probe-forming capabilities making use of aberration correctors (Section 
2.1 and this volume, Chapter 2). Although there is emerging literature 
making use of these capabilities, particularly with EELS systems (Varela 
et al., 2004; Arslan et al., 2005), results on EDXS are very limited at this 
moment in the open literature (e.g., Watanabe and Williams, 2005b; 
Watanabe et al., 2005). The main advantage of the aberration corrector 
of the probe-forming lens for AEM purposes is not the ability to form 
smaller probes (although a positive advantage) but rather the signifi -
cant increase in electron beam current for a given spot size (see Figure 
4–15). It is expected that the launch of commercial instruments equipped 
with such correctors will result in a dramatic improvement in the 
analytical performance of new AEMs. There will be new limitations, 
however, facing the users as electron beam damage will undoubtedly 
be the ultimate barrier in the analysis of most interesting materials.

3 Fundamentals

3.1 Fundamental Processes of Elastic and Inelastic Scattering

The interaction of primary electrons with electrons and nuclei in the 
solid results in various scattering processes and the generation of 
signals that can be detected in different analysis tools such as the TEM, 
the scanning electron microscopes, or surface analysis instruments. We 
can subdivide these processes into elastic and inelastic based on the 
energy changes of the primary incident electrons following the scat-
tering event. Elastic scattering causes no detectable change in the 
energy of the primary electrons within the resolution of the measure-
ment system typically available in the TEM. These processes do not 
give rise to “analytical” signals in the strict sense of the term but are 
nevertheless very relevant to the understanding of signal generation, 
imaging, and all discussions on spatial resolution as they signifi cantly 
affect the angular distribution of the incident electrons, their propaga-
tion in the solid, and consequently the spatial spread of these electrons 
as they travel through the sample. Elastic scattering is at the basis of 
contrast mechanisms in TEM and STEM imaging and can directly 
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affect the interpretation of energy-fi ltered images. Furthermore, the 
powerful technique of Z-contrast imaging (see Chapter 2, this volume) 
is based on signals generated by electrons elastically scattered at high 
angles. The technique is commonly used in combination with analyti-
cal measurements using EELS or X-ray microanalysis and provides 
indirect information on changes in average atomic number within the 
area illuminated by the electron beam. Although traditionally this is 
not considered an analytical technique, this imaging method com-
bined with spectroscopic measurements such as EDXS and EELS pro-
vides the most powerful ability to analyze materials with the highest 
spatial resolution.

Inelastic processes are the key to all analytical measurements as they 
directly and indirectly give rise to the signals detected. Figure 4–34 
summarizes the various energy loss processes generating the excita-
tion and the subsequent signal generation processes by deexcitation. 
Analysis techniques focus, on the one hand, on the detection of the 
primary event of energy loss where excitation of single electrons from 
strongly bound core energy levels (inner-shell ionization) and weakly 
bound electrons (from the valence band) occurs. These excitations 
cause transitions of electrons from the deep bound states to levels just 
above the Fermi energy and the continuum. Energy losses for the 
primary electrons can also occur through collective excitation of weakly 
bound valence electrons in the solid behaving as an electron gas 
(known as plasmon excitations) (Figure 4–34) or from defect states 
within the gap of a material. In the case of EELS, the energy losses of 
the primary electrons range from a few electronvolts to tens of elec-

Figure 4–34. Various processes of inelastic scattering events from core levels, 
valence states, and defect states. Inelastic processes via collective excitation of 
valence electrons is also possible. Measurement of the energy losses of the 
primary electrons is possible with EELS. The deexcitation processes give rise 
to X-ray and Auger signals.
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tronvolts (typically up to 50–60 eV) in the case of single electron valence 
excitation and plasmon losses while core losses range from a few tens 
of electronvolts (typically down to 30 eV) up to a few kiloelectronvolts 
for the core losses with signifi cant overlap between these regions. 
Other processes of inelastic scattering leading to detectable signals in 
the spectra include the excitation of quasi-free single electrons (also 
known as Compton scattering) and losses due to radiative phenomena 
(Cerenkov effect).

On the other hand, secondary processes give rise to other signals 
(Figure 4–3) used in analytical techniques. The deexcitation process 
leads to the generation of photons detected with EDXS or Auger elec-
trons with related characteristic energies.

3.2 Elastic Cross Sections

As discussed above, some theoretical background on elastic scatter-
ing is useful to understand electron propagation in the sample and the 
related contributions on inelastic signal generation. A good under-
standing of elastic scattering is particularly useful to simulate electron 
trajectories and to estimate the electron beam broadening and thus the 
spatial resolution in analytical measurements. We will follow the 
description given in detail by Reimer (1995) and Egerton (1996) using 
the terminology adopted by R.F. Egerton.

The differential elastic cross section dσ/dΩ representing the proba-
bility of scattering per unit solid angle dΩ is given by

 
d
d

f
σ
Ω

= 2  (6)

where the amplitude of the scattering factor f is directly proportional 
to the Fourier transform of the potential of the atom. Various models 
and approximations of the potential can be used. In its simplest form, 
the potential considers the unscreened electrostatic Coulomb potential 
of type

 V r
Ze

r
( ) =

4 0πε
 (7)

for a free atom yielding the Rutherford cross section
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where a0 is the Bohr radius, γ is the relativistic factor [γ2 = (1 − v2/c2)−1], 
q = 2k0 sin (θ/2) represents the amplitude of the scattering vector q 
shown in Figure 4–35, h̄k0 = γm0v represents the momentum of the 
incident electron, q is the scattering vector defi ned in Figure 4–35, and 
h̄q0 is the momentum given to the nucleus.

This fi rst approximation of the unscreened electrostatic Coulomb 
potential satisfactorily describes scattering for light atoms, for large 
scattering angles and high incident electron energy (typical of TEM). 
The model, however, needs refi nements for elements of high atomic 
number, for small scattering angles, and low incident energies (in low 
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voltage SEM, for example) due to a singularity in the cross sections at 
θ = 0 arising from neglect of the screening. The Rutherford model can 
be subsequently refi ned by incorporating an exponential screening 
factor used in the Wentzel atomic model

 V r
Ze

r
r r( ) = −( )

4 0
0πε

exp  (9)

where r0 is the screening radius that can be estimated by r0 = a0Z−1/3.
This potential and the screening radius lead to a Lenz model of dif-

ferential cross section
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where θ0 is the characteristic elastic scattering angle representing the 
width of the angular distribution of elastic scattering.

The total scattering cross section is obtained by integrating Eq. (10) 
over all scattering angles
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A more accurate model of the potential considering electron spin and 
relativistic effects leads to the Mott cross section applicable to a large 
range of atomic numbers, low voltages, and low scattering angles.

Based on the elastic cross sections and the number of atoms per unit 
volume na we can defi ne a quantity called the elastic mean free path

 λe = (σena)−1 (12)

which represents the mean distance between elastic scattering events 
in a solid assumed, for simplicity, to be amorphous.

In crystals, the elastic scattering must account for diffraction effects 
and the treatment of the electron distribution in the solid follows the 
diffraction theory developed elsewhere in this volume. With the deve-
lopment of Z-contrast imaging as one of the tools available in the ana-
lytical electron microscope and use of this technique with electron 
probes of diameter smaller than the unit cell, the characteristics of 
electron beam propagation in the sample become important. Detailed 
calculations with the multislice technique have shown that when a 

Figure 4–35. Diagram for an 
elastic scattering process.
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small probe is positioned on an atomic column, electrons are chan-
neled along the column for samples of thicknesses up to a few nano-
meters. When the beam is positioned in between the columns it strongly 
disperses and broadens while propagating in the sample (Dwyer & 
Etheridge, 2003) (Figure 4–36). This effect is probe size dependent with 
the channeling conditions being more relaxed with “larger” probes of 
0.2 nm. Calculations show that the electron intensity builds up in the 
adjacent columns as the electron beam propagates (Figure 4–36b). The 
effect is demonstrated in other calculations (Voyles and Muller, 2004; 
Mobus and Nufer, 2003) showing that the beam can channel on an 
adjacent column and give rise to a signal even if not nominally on the 
initial position (Figures 4–36b, 4–37b). Although these effects are not 
part of the traditional AEM literature, they are becoming increasingly 
relevant when the very smallest probes produced by aberration-
corrected instruments are used to achieve the ultimate spatial resolu-
tion in very thin samples (Section 5.1).

3.3 Inelastic Scattering Cross Sections

Before describing the cross sections of various inelastic processes, it is 
useful to review the concept of the total inelastic cross sections so that 
a comparison of elastic and inelastic scattering distributions can be 
made. The total inelastic cross section is also relevant to understand 
the process of energy losses that slow down the electrons in thin foils 
or in bulk samples. This concept is useful in the modeling of electron 
propagation in samples using Monte Carlo methods.

The differential inelastic cross section can be calculated by
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where γ, a0, and r0 are as described in Section 3.2. As the scattering 
vector q is energy loss dependent (Section 3.4), it is approximated for 
the purpose of the evaluation of the total cross sections by

 q2 ≈ k2
0(θ2 + θ̄2

E) (14)

where k0 = 2π/λ = γm0v/h̄ is the magnitude of incident wavevector, θ is 
the scattering angle, and θ̄E = E–/(γm0v2) is the characteristic scattering 
angle corresponding to the mean energy loss E–.

As pointed out in Egerton (1996), the fi rst term of the expression of 
the total inelastic cross section [Eq. (13)] is similar to the Rutherford 
elastic cross section with a second term being described by the inelastic 
form factor.

Substitution of the scattering vector by the scattering angle leads to 
the angular dependence of total inelastic scattering (Colliex & Mory, 
1984)
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where θ0 = (k0r0)−1 is related to the elastic scattering distribution defi ned 
in Section 3.2. As demonstrated in Figure 4–38, the expressions for the 
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a)

b)

Figure 4–36. Real space intensity dis-
tribution of the probe electron density 
in the sample as it propagates through 
the thickness of the foil. Plots of the 
intensity distribution at two depths 
(100 and 500 Å) are shown for incident 
probe sizes of 2, 1.4, and 0.7 Å (as 
obtained with an aberration-corrected 
microscope) when the electron beam is 
positioned on the atomic column down 
the 110 orientation of the crystal (arrow 
length is 16.3 Å). The electron beam is 
channeled onto the atomic column, but 
the intensity maxima moves from one 
atomic column to the adjacent one 
(Dwyer and Etheridge, 2003). (Images 
courtesy of C. Dwyer and J. Etheridge.) 
(b) Alternate visualization of the 
process of channeling viewed as a 
function of thickness. The beam inten-
sity clearly channels from one atomic 
column to the adjacent one as the 
electrons propagate in the sample 
(Voyles and Muller, © 2004. Reprinted 
with permission from Cambridge 
University Press.)
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total inelastic and elastic scattering cross sections make it possible to 
compare the width of the respective angular distributions. The angular 
distributions are Lorentzian with an angular width of θ̄E for the inelas-
tic distributions and θ0 for the elastic distribution. It is also possible to 
note that the angular width of the elastic distribution (for scattering 
from free atoms) is larger than the inelastic distribution.

max = 0.02min = 0.00

0.7 Å probe OFF columns

300 Å

0.7 Å probe ON column

16.3 Å

max = 0.36min = 0.00

300 Å

a) b)

Figure 4–37. Real space intensity plots demonstrating the dispersion of the electron intensity when 
the electron beam is located on top of the atomic column and when it is located between two atomic 
columns. The bright empty circles indicate the position of the atoms in the cell closest to the point of 
impact of the electron beam. Channeling is observed when the beam is positioned on the atomic 
column (a) while much stronger dispersion is observed when the electron beam is not on the atomic 
column (b). (Data courtesy of C. Dywer and J. Etheridge.) (For part A, see color plate.)

Figure 4–38. Comparison of the 
elastic and total inelastic angular 
scattering distributions for the C 
atoms at 100 keV. The characteristic 
angles for the inelastic and elastic 
distributions (θE and θ0), the mean 
angle θ̄, the median angle θ̃, and the 
root-mean-square angle θrms are 
shown. (From Egerton, © 1996, with 
permission from Springer Science+
Business Media.)
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The total cross section integrated up to a scattering angle β is 
relevant when calculating the inelastic free path or the stopping power 
(see below)
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The total inelastic scattering cross section integrated over all scattering 
angles is approximated by

 σi ≈ 16πγ2Z1/3 ln (θ0/θE) ≈ 8πγ2Z1/3 ln (2/θE) (17)

by replacing the cutoff angle θ0 with the Bethe-ridge angle (2θE)1/2. This 
expression leads to a comparison of the relative magnitude of the 
elastic and inelastic cross sections as described by

 σi/σe ≈ 2 ln (2/θ̄E)/Z = C/Z (18)

where the coeffi cient C (around 20) does not vary signifi cantly with 
atomic number and incident electron energy.

This expression can be used to calculate the scattering contrast as 
defi ned in Reimer (1995) and to interpret the contrast in STEM images 
obtained by calculating the ratio of inelastic and elastic signals.

These calculations are a good fi rst approximation of the behavior of 
the inelastic cross sections with further refi nements, accounting for the 
outer-shell electrons, leading to systematic variations in the total cross 
sections related to the fi lling of the periodic table. Minima in the inelas-
tic cross sections occur for atoms with closed shell while maxima occur 
for atoms fi lling the s shell due to strong effects of valence excitations 
(Egerton, 1996) (Figure 4–39).

The importance of the total inelastic cross section becomes apparent 
in AEM as it forms the basis of calculations of the stopping power of 
the electrons in the solid. This quantity is therefore relevant to under-
standing the propagation of the electrons and simulation of electron 
trajectories in Monte Carlo simulations (Section 5.1):

 S
dE
dz

n E= = a iσ  (19)

where E is the energy loss, z is the distance traveled in the sample, E– is 
the mean energy loss for the inelastic event, and na is the number of 
atoms in the solid per unit volume.

The total inelastic cross section considers all possible events giving 
rise to energy losses represented by an average energy loss E– and does 
not consider the individual interactions of the incident electrons with 
the inner shells or outer shell atomic electrons. Predictions of the details 
of a spectrum and the intensity at a given energy loss, however, must 
take into account these various inelastic processes, their energy depen-
dence, and the angular distribution of scattering. To do so, we must 
consider Bethe’s theory to predict the probability of transitions of elec-
trons from an initial state wavefunction ψ0 to fi nal state wavefunction 
ψn following interaction with incident fast electrons and the related 
cross section. If the energy losses and the momentum transfer are 
small compared to the momentum of the incident electron and there 



318 G. Botton

is only one scattering event during the interaction (the fi rst Born 
approximation) the cross section can be described by
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where k0 and k1 are the magnitudes of the wave vectors of the incident 
electron before and after scattering respectively and q is the scattering 
vector related to the momentum transfer h̄q = h̄(k0 − k1) (Figure 4–40). 
The fi rst term has already been encountered in the description of 
Rutherford scattering for a single charge [Eq. (8)] and constitutes the 
amplitude factor in the cross section. This term is modifi ed by the inelas-
tic form factor related to the transition matrix element defi ned as

 ε τn n
j

j j
j

i d i= ⋅( ) = ⋅( )∫ ∑ ∑Ψ Ψ Ψ Ψ* exp | exp |q r q r0 0 0  (21)

which expresses the interaction of the incident electron and the atomic 
electron via an operator exp(iq ⋅ rj) where rj is the coordinate position 
of the fast electron treated as a plane wave and the sum is carried out 
over the atomic electrons from j = 1 to j = Z. This form factor contains 
the information related to the properties of the material through the 
wavefunctions of the electrons in the solid (see Section 8.1). |εn(q)|2 is 
independent of the electron energy and solely dependent of the atom 
and its environment.

From the form factor, the generalized oscillator strength (GOS) can 
be defi ned as

Figure 4–39. Total inelastic cross 
sections as a function of atomic 
number (80 keV electrons). Open 
circles are calculations based on the 
Hartree–Slater models, solid squares 
are based on calculations accounting 
for plasmon losses, and the solid 
circles are experimental data. (From 
Egerton, © 1996, with permission 
from Springer Science+Business 
Media.)
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where R is the Rydberg energy (13.6 eV) and En is the energy loss of the 
transition. This term contains also information on the probability of 
the transition from an initial state wavefunction ψ0 to a fi nal state 
wavefunction ψn.

Using the concept of the generalized oscillator strength, the cross 
section can be expressed as
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The full angular and energy dependence of the scattering can be 
described by the double differential cross section
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where the scattering vector q is expressed in term of scattering angle 
θ (Figure 4–40) and the initial and fi nal wavevectors k0 and k1. For 
small scattering angles and small energy losses relative to the incident 
energy (as in typical TEM experiments) k1/k0 ≈ 1 and

 q2 ≅ k2
0(θ2 + θ2

E) (25)

with θE the relativistically corrected characteristic scattering angle
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and the cross section becomes
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Figure 4–40. Inelastic 
scattering diagram 
showing the scattering 
vectors, the energy loss, 
and the effect of the 
classical impact param-
eter b on the scattering 
angle (also refer to dis-
cussions on spatial res-
olution in Section 6).
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The fi rst two terms of Eq. (27) represent a kinematic term of the scat-
tering while the df/dE term provides the information on the initial and 
fi nal wavefunctions of the electrons (including changes in the bonding 
state) either via inner shell or valence excitations. The second term 
imposes a Lorentzian angular distribution of scattering at small scat-
tering angles as it contains the term θE representing the half-width of 
the distribution. At low energy losses and small scattering angles (i.e., 
q → 0), df/dE does not vary with θ and it can therefore be considered 
as a dipole oscillator strength. In this region of scattering (achieved by 
limiting the maximum scattering angle θ with a small aperture β) the 
response to the excitation from an electron would be equivalent to the 
excitation by a photon.

3.3.1 Outer Shell Excitations
The expression of df/dE has been derived in Bethe’s theory using atomic 
models. To treat inner shell excitations, the initial and fi nal wavefunc-
tions of the electrons must be known. These wavefunctions vary with 
the chemical state in a solid but the atomic models are still a good 
approximation for the purpose of quantifi cation of the atomic concen-
tration based on intensity of edges. In the case of a solid, however, 
wavefunctions related to outer shell excitations are much more strongly 
modifi ed by the interaction between atoms and the collective behavior 
of the electrons. Similarly, to model fi ne modulations in the edges 
simple atomic models are not suffi cient (Section 8.1). To consider these 
effects it is more convenient to consider the dielectric response of the 
medium ε(q,E) to the incident electron treated as a point charge per-
turbing the solid.

The dielectric formulation of scattering relates the double differen-
tial scattering cross section to
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thus the GOS relates to the dielectric function as
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where E2
a = h̄2nae2/(ε0m0), na is the number of electrons per unit volume, 

and Im[−1/ε(q,E)] is the loss function that contains all the material 
dependence via the complex dielectric response of the solid ε = ε1 + iε2 
to electromagnetic radiation. The real part of the dielectric function 
Re[ε(q,E) − 1] = ε1(q,E) − 1 is related to the polarizability of the medium 
and the imaginary part Im[ε(q,E)] = ε2 is related to the absorption. 
Maxima in the loss function Im(−1/ε) = ε2/(ε2

1 + ε2
2) that result in strong 

peaks in the energy loss spectra (Figure 4–7) occur when ε1 = 0 and ε2 
is small (the damping is weak). The condition ε1 = 0 suggests that a 
condition of resonance is met and that the medium in unstable. This 
instability corresponds to creation of a quasiparticle called plasmon of 
energy Ea. Further discussion on the derivation of the loss function and 
applications can be found in Section 8.2.
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3.4 Calculations of Cross Sections

Quantifi cation of EELS and EDXS spectra based on signals recorded 
from edges and X-ray peaks (Section 4) is based on the knowledge of 
cross sections. For inner shell excitations in EELS (and the related EDXS 
peaks) it is assumed, as a fi rst approximation, that the initial and fi nal 
wavefunctions are not affected by collective electron behavior and the 
cross sections can be calculated using various models based either on 
the simple hydrogenic description of the atomic electrons or the more 
accurate Hartree–Slater method. For an atom of atomic number Z, the 
hydrogenic model uses the simplifi cation of the electrostatic potential 
arising from the treatment of the nuclear charge Ze and the screening 
due to remaining inner nonexcited electrons. Different expressions of 
the effective charges are used for K and L shells and consideration is 
given to the presence of outer electrons in higher energy levels that 
modify the binding energy of the inner shell electrons. Solving the 
Schrödinger equation in the revised simplifi ed potential leads to ana-
lytical solutions that can be easily calculated for K shells using pro-
grams developed by Egerton (1996). The treatment of L shells, although 
initially unsuccessful due to the simplifi cations of the hydrogenic 
model, was revised by considering experimental optical and energy 
loss data with built-in corrections. These modifi cations have led to 
improved accuracy in the treatment of L shells for transition metals; 
programs and models for L shells are also available (Egerton, 1996) in 
the literature and in commercial EELS analysis programs (the Digital 
Micrograph software from Gatan). Empirical modifi cations of the 
hydrogenic models for M edges have also been developed (Luo & 
Zeitler, 1991). The Hartree–Slater (HS) approach requires iterative solu-
tions that lead to more accurate cross sections that consider a potential 
calculated based on the charge density of the electrons in a self-
consistent manner. Cross section tabulations have been developed by 
Leapman et al. (1980) and Rez (1982) and the results have been imple-
mented within commercial EELS analysis software for K, L, and M 
shells within Digital Micrograph. The HS model predicts more realistic 
shapes of edges and includes corrections for sharp features related to 
unoccupied bound states present on transition metal L edges. Recent 
developments allow the combination of solid-state effects near the edge 
threshold, calculated from band structure techniques, with the atomic 
models at higher energy losses into more accurate cross section models 
(Potapov et al., 2004).

3.4.1 Angular and Energy Dependence of the GOS
Some physical insight into the scattering process is given by the analy-
sis of the angular and energy dependence of the GOS df(q,E)/dE, known 
as the Bethe surface, as plotted for the C K edge (Figure 4–41a). This 
plot also provides information related to the optimization of the acqui-
sition conditions as it shows the dependence of the differential cross 
section on angle and energy loss. There are two regions of key impor-
tance on the Bethe surface. At energy losses just above the threshold, 
the distribution is peaked at small scattering angles (θ = 0, q → 0) and 
the angular dependence in the cross section d2σ/dΩdE is controlled by 
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a)

b)

Figure 4–41. (a) Two-dimensional angular and energy distribution of the general oscillator strength 
per unit energy loss (df/dE) for the CK edge (also described as the Bethe surface of scattering). The 
“hump” at high energy from the edge onset and large scattering vector q is the Bethe ridge. (From 
Egerton, © 1996, with permission from Springer Science+Business Media.) (b) Two-dimensional sche-
matic plot of the full energy and scattering angle distribution of inelastic losses including plasmon 
losses, core losses, as well as the Bethe ridge and the plasmon dispersions. The diagram shows the 
elastic scattering as part of Bragg peaks (as in a crystalline sample). Scattering from atoms or amor-
phous samples would give rise to a broad peak centered at zero scattering angle. The angle (β) and 
energy (∆) integration windows for the calculations of the partial cross sections are identifi ed. (Adapted 
from Schattschneider and Werner, 2005.)
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the kinematic term of the cross section since the GOS does not vary 
strongly with q at small scattering angles. This region of the GOS is 
known as the dipole region and represents collisions with a large 
impact parameter b (see Figure 4–40 and Section 5.2) and little momen-
tum transfer. Spectra acquired with small scattering angles in electron 
energy loss experiments are thus equivalent to optical (X-ray) absorp-
tion spectra where only dipole transitions are allowed. Based on this 
equivalence, photoabsorption spectra can be used to improve GOS 
models for use in cross-sectional calculations (Egerton & Leapman, 
1995; Egerton, 1993). The dipole transitions also imply that the change 
of angular momentum quantum number � when the electron is ini-
tially excited from a core level “i” to a fi nal level “f” is ∆� = ±1.

At larger energy losses from threshold, corresponding to collision 
with nearly-free electrons, the GOS peaks at large scattering angles θC 
= (E/E0)2 corresponding to what is known as the Bethe ridge. Experi-
mentally, this peak can be readily visualized by collecting energy loss 
spectra in thin samples with a spectrometer aperture centered few tens 
mrad off the transmitted beam collection angle (thus away from the 
forward scattered direction). This acquisition condition is equivalent 
to Compton scattering experiments between an incident electron 
and a free electron. As discussed in a review by Schattschneider and 
Exner (1995), a quantitative analysis of the width of this experimental 
peak provides information on the momentum distribution of atomic 
electrons. Similarly, by recording diffraction patterns of thin speci-
mens with an energy fi lter (see Section 2.4.1) at high energy loss (few 
hundred electronvolts) it is possible to see a ring corresponding to the 
Compton scattering peak (Mayer et al., 1995; Egerton, 1996). The full 
energy and scattering angle dependence of the entire spectrum includes 
therefore the various processes of low-loss scattering (including the 
dispersion of plasmon losses, the elastic Bragg scattering (in crystalline 
specimens) and the core losses (with the Bethe ridge visible) (Figure 
4–41b).

3.4.2 Partial and Total Ionization Cross Sections
Whether we have to compute cross sections for quantifi cation of EDXS 
or energy loss spectra, the differential cross sections have to be inte-
grated with respect to angle and energy loss to yield partial or total 
cross sections. In the case of energy loss experiments, the spectra are 
recorded with a fi xed collection angle β and the partial cross section 
is therefore related to the double differential cross section through 
integration up to an angle β
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where the GOS is expressed in terms of the scattering vector q and the 
scattering angle is θ. By considering the kinematics of scattering (Figure 
4–40), q2 ≅ k2

0(θ2 + θ2
E) and the integration can be either carried out over 

θ or, after transformation of variables and limits of integration, over q 
(Egerton, 1996). The partial cross section follows a simple trend as dσ/
dE � E−s where s is the slope of the function.
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For the purpose of quantifi cation in energy loss spectroscopy (see 
Section 4.2), core shell edge spectra acquired with a collection angle β 
are integrated over an energy window ∆. The integrated signal for a 
given collection angle β and energy window is thus related to the 
partial cross section as

 I1
k(β,∆) = NI0σk(β,∆) (31)

where N is the number of atoms per unit area, I0 is the incident intensity 
(approximated by the number of counts under the zero-loss peak), and

 σ β
σ
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k
, ∆

∆
( ) =

+
∫  (32)

Examples of the values of partial cross section for light elements as 
a function of collection angle β are shown in Figure 4–42. These plots 

Figure 4–42. Angular dependence of the partial cross sections for lighter 
elements. The energy integration is carried out over an energy window ∆ 
equivalent to 0.2 Ek where Ek is the threshold energy. (From Egerton, © 1996, 
with permission from Springer Science+Business Media.)
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show the increase of expected signal with increases of collection angle 
and the variation with atomic number. Note the asymptotic behavior 
of the cross sections for large scattering angles approaching 100 mrad. 
This effect suggests that by using large collection angles above a few 
tens of millirad, the collected intensity does not increase signifi cantly. 
This asymptotic behavior affects the optimization of signals and signal-
to-background ratios as discussed in relation to the detection limits 
(Section 7). This integration over scattering angles and energy window 
is demonstrated in the hatched area in Figure 4–41b.

For the calculation of the probability of X-ray signal generation fol-
lowing ionization, the collection angle of the primary electrons is irrel-
evant and it is necessary to consider all possible scattering angles of 
the incident electron. The integration must be carried out up to β = π, 
which includes possible backscattering. This integration leads to the 
total inelastic cross section for core shell ionization that is used in X-ray 
quantifi cation (Section 4.1.1)

 σk ≅ 4πa2
0Nkbk(R/T)(R/Ek) ln (ckT/Ek) (33)

where Nk is a number related to the occupancy in a particular shell (2, 
8, 18 for K, L, M shells, respectively) and bk and ck are factors deduced 
from theory or experiments [(Inokuti, 1971, 1978; Powell, 1976), also 
tabulated in Goldstein et al. (1986)] and T is the kinetic energy of the 
electron.

It is useful to compare the magnitude of the cross sections for elastic 
and various inelastic events such as K and L shell excitation, outer shell 
(including excitations of plasmons), and generation of secondary elec-
trons (Figure 4–43) as a function of energy. Based on the inelastic cross 
sections it is possible to defi ne an inelastic mean free path (mean dis-
tance between inelastic scattering of events) in a fashion similar to the 
elastic mean free path (Section 3.1). For an inelastic scattering event i,

 λi = (naσi)−1 (34)

where na is the number of atoms per unit volume and σi is the cross 
section for an inelastic event i (either total inelastic scattering or K, L 
shell excitation).

Figure 4–43. Comparison of cross 
section for various scattering 
processes for Al as a function of 
incident electron energy. The com-
parison shows the strongest inelas-
tic scattering (dominated by plasmon 
losses P), followed by elastic scatter-
ing (E), L shell ionization (L), K shell 
ionization (K), fast secondary elec-
trons (FSE), and secondary electrons 
(SE). The generations of FSE and SE 
are not discussed in this chapter. 
(From Joy et al., © 1986, with per-
mission from Springer Science+
Business Media.)
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3.5 Shape of EELS Edges

There are two factors that contribute to the shape of inner-shell absorp-
tion edges observed in energy loss spectra. The atomic calculations of 
the cross sections (hydrogenic of Hartree–Slater) give, to a fi rst good 
approximation, the expected shape of the edge related to transitions 
from a core state to free continuum states. Although the general shape 
is reproduced particularly well at high energies from the threshold, 
details arising from transitions to discrete unoccupied bound states 
can be important. These effects are visible both in terms of the inte-
grated edge intensity (particularly for transition metal L edges) and in 
terms of the fi ne details arising from electronic structure and the 
bonding environment in the solid state. These latter modulations are 
called ELNES. The dipole selection rules for the transitions from an 
initial core level to a fi nal state (see Section 8.1) imply that there must 
be a change in angular momentum quantum number ∆� = ±1. This 
implies that the angular character of the fi nal states (i.e., the symmetry) 
is determined by the core state quantum numbers. Making use of the 
nomenclature presented in Figure 4–11, the following rules can be 
summarized. For K edges, the principal quantum number is n = 1, the 
angular momentum quantum number of the core state is s (i.e., � = 0), 
and the fi nal state character is p (� = 1). For L23 edges, the core level is 
2p and the fi nal states probed are s (� = 0) and d (� = 2). For M45 edges, 
the core level is 3d and the fi nal states will be f or p. Spectroscopically 
the K, L, M, N, and O edges therefore refl ect the main quantum number 
of the core level n = 1, 2, 3, 4, 5, respectively, and each edge presents 
sublevels due to the angular momentum quantum number � and spin-
orbit coupling due to the j quantum number (Figures 4–11 and 4–4). L 
edges thus present transitions to three sublevels for 2s, 2p3/2, and 2p1/2 
giving rise to the L1, L2, and L3 edges, respectively, while M edges have 
fi ve sublevels and so forth as summarized in fi gure 4–11.

A summary of the types of shapes is refl ected in Figures 4–44 and 
4–45 along with a table (Table 4.4) showing the expected edges visible 
for energy losses up to 2000 eV. These edges can be detected in typical 
TEM experiments. K edges are observed for light elements up to Si 

Figure 4–44. Schematic diagram of edge shapes. (Adapted from Colliex, 1984, 
and Hofer, 1995.)
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a)

b)

Figure 4–45. (a) Trends in K edges for light elements and (b) sp electron 
metals.

(1800 eV) and generally present a sawtooth shape. The overall edge 
shapes are relatively well predicted by the hydrogenic and Hartree–
Slater cross section models although, within the fi rst 30 eV from the 
edge threshold, fi ne variations due to the bound fi nal states of p-
character in the ELNES are present. L edges are observed for a larger 
range of elements and the shape of these varies with the atomic number. 
The L2 and L3 edges (also labeled as L23 edges) are the strongest in the 
series due to the large cross sections and the selection rules imposing 
transitions to unoccupied levels with large density of states above the 
Fermi energy (if there are 3d empty states). The L1 edges are hardly 
visible in typical acquisition conditions favoring the dipole transitions 
(i.e., small collection angle). The edges of elements Na to Ar present 
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the so-called “delayed edges” (Figure 4–44b) with a broad maximum 
of the edge intensity 10–20 eV above the edge threshold. This delayed 
shape is predicted by cross-sectional calculations and is due to a 
maximum in the effective atomic potential resulting in a “centrifugal 
barrier” that prevents the overlap between the core and the broad fi nal 

c)

d)

Figure 4–45. Continued (c) Trends in L23 edge intensities (called white lines) 
for the transition metal series. It is clearly visible that the strong peaks at the 
edge threshold decrease in intensity with respect to the continuum after the 
edge threshold. This effect refl ects the fi lling of the 3d transition metal band 
with electrons. (d) Shape of delayed M edges (Zaluzec, 1982, 1984). (Courtesy 
of N. Zaluzec.)
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state wavefunctions at low energy from the threshold. This poor overlap 
results in low values of the matrix element near the edge threshold (see 
Section 8.1). When the fi nal state wavefunctions are very localized, as 
in the case of the 3d electrons, they are contained within the barrier 
and there is therefore a strong overlap with the core wavefunctions. 
This results in strong features at the edge threshold for the L23 edges 
in the series K to Ni where the 3d band is being fi lled and transitions 
to empty 3d electron states are possible. In these cases, sharp features, 
known as “white-lines,” are clearly visible leading to noticeable trends 
in the transition metal series (Figure 4–45). For the Cu L23 edge, where 
the 3d band is full with 10d electrons, the delayed maximum is again 
observed without strong peaks at the edge threshold. When solid-state 
effects result in changes in the electronic confi guration, however, for 
example, when Cu loses 3d electrons when bonding to O (such as CuO 
or CuO2), white lines do appear in the spectra (Figure 4–46). In Zn and 
its oxide ZnO, however, the electrons affected by bonding are of s 
character and the changes with bonding are not visible in the L edge 
of Zn. White line features in L23 edges are observed for the 4d transition 
metals (the series Rb to Pd) at higher energy losses.

The M45 and M23 edges are the strongest in the M series with large 
cross sections. These edges exhibit the same trends with delayed 

Figure 4–46. Cu L23 
edge in metallic Cu, 
CuO, Cu2O. The pres-
ence of the white line 
in CuO and Cu2O (as 
compared to metallic 
Cu) refl ects the transfer 
of electrons from the 3d 
band to O atoms in the 
oxidation.

Table 4–4. Summary of Expected Edges.
Edge Level Elements Shapes

K 1 s Li-Si a

L23 2 p1/2, 2 p3/2 Mg-Ar b

  K-Ni c

  Cu-B b

M23 3 p1/2, 3 p3/2 K-Cu d

M45 3 d3/2, 3 d5/2 Se-Kr d

  Rb-I b

  Cs-Yb c

  Lu-Au b

N45 4 d3/2, 4 d5/2 Cs-Yb d

O45 5 d3/2, 5 d5/2 U,Th d
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maxima and strong white lines depending on the atomic number 
(Figure 4–47). For the series Rb to In, a delayed maximum is observed 
due to transitions to delocalized empty f states well above the Fermi 
level while strong white lines are visible for Cs to Yb since the f states 
are bound and are being fi lled in the series. The very strong white lines 
make these edges very suitable for detection of trace quantities of ele-
ments in samples. For Lu to Au, as the f band is completely fi lled, very 
broad delayed edges are present and their detection, due to the back-
ground in the spectra, is often diffi cult even for elements present in 
samples in large concentrations. M23 edges are detected for the K to Zn 
series in the energy range between 30 and 100 eV with plasmon-like 
features represented in Figure 4–44d. These edges overlap with the 
strongly varying background in the low portion of the energy loss 
spectrum and are thus diffi cult to extract from the spectra. Due to the 
large cross sections, however, elemental maps can be easily obtained 
with very high spatial resolution (Freitag & Mader, 1999).

3.6 The Background in EELS and EDXS

The background in core level energy loss spectra (Figure 4–10) is domi-
nated by lower energy loss processes such as lower core losses and 
plasmon/outer shell losses and the characteristic signal of edges must 
be extracted with procedures described in Section 4.2.1. In the case of 

Figure 4–47. Nb M45 and Ba M45 edges. While the Ba edge shows strong peaks 
and a lower continuum past the edge onset, the Nb M45 edge shows a strong 
rising intensity at the postedge threshold.
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EDXS, the continuum background depicted in Figure 4–6c arises from 
the “bremsstrahlung” radiation (or braking radiation) as the electrons 
are subjected to centripetal acceleration forces in the Coulomb potential 
of the atoms in the solid as their trajectories are modifi ed. The X-rays are 
generated over a continuous energy range from 0 eV up to the energy of 
the incident electrons. The angular distribution of the emitted X-ray due 
to the bremsstrahlung radiation is not isotropic as in the case of the 
characteristic radiation emitted following ionization and deexcitation. 
The distribution is almost forward-peaked with maxima in intensity a 
few degrees from the forward direction and very little intensity emitted 
in the backscattered direction. Hence the peak over background ratio is 
dependent on the location of the EDXS detector (lowest peak-over-
background with higher elevation angles) although additional diffi cul-
ties in the acquisition of spectra arise due to the solid angle limitations 
and the instrumental contribution of the spectra (see Section 7.2). Expres-
sions describing the continuum spectrum intensity (Icm) demonstrate 
the dependence on the incident current and the average atomic number 
Z– of the sample irradiated by the electron beam (Kramers, 1923)
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where ib is the beam current, E0 is the incident energy of the electrons, 
and Ev is the energy of the emitted radiation. At lower energy, the 
recorded spectrum does not show the increase in the intensity expected 
from Eq. (35) due to the absorption in the sample and in the detector. 
Although the generated continuum spectrum does not show sharp 
features, in crystalline solids well-defi ned peaks can occur due to 
coherent bremsstrahlung reported by Reese et al. (1984) when electrons 
travel close to a zone axis. The coherent bremsstrahlung energy peak 
positions ECB are related to the spacing of the atomic planes in the 
direction of the electron beam (L), the ratio of the velocity of the elec-
trons/velocity of light (v/c), and the elevation angle αE (Figure 4–23) as 
described by Spence et al. (1983) and Reese et al. (1984)
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These peaks can be mistaken for minor constituent phases when 
they overlap in energy with characteristic peaks and can be minimized 
by carrying out analyses when the samples are oriented far from major 
zone axes.

4 Quantifi cation

4.1 EDXS Microanalysis

4.1.1 Quantifi cation in EDXS
As indicated in Figure 4–7, there are several processes that need to be 
considered in the measurements of concentration based on the detected 
signals. First, X-rays generated by the excited atoms must travel through 
the specimen and are therefore subjected to absorption. These X-rays 
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can also cause possible fl uorescence of secondary X-ray radiation 
within the sample, which generates additional signals further away 
from the site irradiated by the primary electrons. The subsequent 
detection process includes transmission through a detector window, 
various detector layers, and generation of electron-hole pairs in the 
solid-state detector device. All these effects need to be considered in 
the quantifi cation procedure. We shall consider the different processes 
starting with the generation of X-rays in the sample assuming that the 
characteristic signals in the spectrum can be extracted from the con-
tinuum background by simple interpolation of the background inten-
sity under the characteristic peak from the background on the low and 
high energy sides of the characteristic peak.

As electrons travel through a sample of thickness t and are scattered 
at various angles according to the elastic cross section (Sections 3.1 and 
3.2) losing energy as dictated by the inelastic cross sections and the 
stopping power (Sections 3.1, 3.3, and 3.4) they generate photons in the 
X-ray portion of the electromagnetic spectrum. The generated X-ray 
intensity for element A is

 I*A � (CAωAσAaAt)/AA (37)

where

 CA = weight fraction of element A,
 ωA = fl uorescence yield for the K, L, or M line,
 aA = fraction of the total K, L, or M line intensity that is measured,
 AA = atomic weight of element A,
 σA =  total ionization cross section for a shell K, L, or M for atom A in 

the specimen, and
 t = the sample thickness.

The total ionization cross section derived in Section 3.4 can be 
expressed in terms of the overvoltage U = (E0/EC) relative to the ioniza-
tion energy EC and incident energy E0 commonly used in the AEM lit-
erature where the constants have been included into one single term 
and N, b, c are the same constants found in Equation (33) with sub-
scripts related to the shell s, i.e.,
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When the thickness of the sample satisfi es the thin-fi lm criterion 
(Section 4.1.2), the absorption and fl uorescence in the sample can be 
neglected. In this condition, the X-ray intensity still remains to be cor-
rected for the detection process that includes absorption in the detec-
tor’s various layers and for the effi ciency of the detector active layer in 
generating electron-hole pairs from the impinging X-rays (Sections 
2.3.1 and 2.3.2). For each particular X-ray peak, the intensity detected 
must therefore include a detector effi ciency term that describes how 
the intensity is absorbed

 IA = I*
AεA (39)

where
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 εA = {exp[−(µ/ρ)A
WρWXW − (µ/ρ)A

AuρAuXAu − (µ/ρ)A
SiρSiXSi]}

 {1 − exp[−(µ/ρ)A
SiρSiYSi]} (40)

and

 (µ/ρ) =  the mass absorption coeffi cients for elements A in the window 
material W, the Au contact layer, and the Si,

 ρ =  the densities of the window material W, Au surface contact 
layer, and Si dead layer,

 X =  the thickness of the window W, the Au layer, and the Si dead 
layer, and

 YSi = the EDXS detector active layer thickness,

The second term accounts for the detector thickness that generates 
the signal based on the electron-hole pairs created by the incident 
photons (the active layer thickness).

Although these equations can, in principle, be easily calculated, exact 
values of the various constants, sample thickness t, and detector layer 
thicknesses are not known to suffi cient accuracy and alternative 
approaches have been suggested to eliminate the infl uence of these 
parameters on quantifi cation. The calculation of the relative concentra-
tion of elements (CA/CB) makes it possible to include all the constant 
terms both in the cross sections and detector response into one single 
term and thus eliminates the need to know the sample thickness
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The term within brackets is a constant for a given set of X-ray peaks 
for elements A and B, detector, and accelerating voltage. This term 
allows the user to relate the intensity ratio for two peaks to the relative 
concentration of the elements in the sample. The kAB factor approach 
suggested by Cliff and Lorimer (1975) makes it possible to simplify the 
calculation of relative concentration of elements provided that stan-
dards can be obtained so that
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For binary systems, the concentration can be retrieved assuming CA 
+ CB = 1 and for ternary systems a similar assumption can be made. In 
principle, the kAB term in Eq. (41) can be calculated based on knowledge 
of the terms within the bracket but the signifi cant advantage of the 
Cliff–Lorimer approach resides in the fact that the kAB factors can be 
obtained from a standard of known composition CA and CB related to 
one reference element. As a convention, k factors can be expressed in 
terms of a standard with respect to Si and Fe (i.e., kASi kBSi or kAFe, kBFe, 
etc.) so that any set of kAB factors can be retrieved by

 k
k
K

AB
ASi

BSi
=  (43)

Reference k factors can be developed with respect to any elements 
but references to Si and Fe were historically developed for users in the 
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geological science and metallurgy communities. Examples of kAFe 
factors are shown in Figure 4–48 and can be used as a good approxima-
tion to quantify measurements, although the exact values are depen-
dent on a particular detector (and in particular detector effi ciency) and 
accelerating voltage. Some tabulated values for a range of elements can 
be found in Williams and Carter (1996). Users of EDXS in AEM typi-
cally develop their own standards based on samples of known compo-
sition CA, CB to quantify unknown samples containing the same 
elements. These kAB factors would therefore account for the specifi cs of 
the microscope-detector system. Standardless kAB factors can be calcu-
lated based on the knowledge of all the terms expressed in Eq. (41) 
making use of constants tabulated in the literature.

The fl uorescence term can be derived based on the parameterization

Figure 4–48. Experimental kAFe factors for a range of elements (top) for Kα 
lines and (bottom) for Lα lines. The limits refl ect the range of theoretical values 
obtained with different cross-sectional parameterizations. (From Williams 
and Carter, © 1996, with permission from Springer Science+Business Media.)
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 [ω/(1 − ω)]1/4 = A + BZ + CZ3 (44)

where the constants for K, L, and M edges have been summarized in 
Goldstein et al. (1986) and they give rise to the dependence shown in 
Figure 4–49.

Parameterization of the cross sections and the constants found in 
Eqs. (37) and (41) have been discussed in detail in Goldstein et al. (1986) 
and show that relative errors in kAB factors in the range of 1–5% for K 
lines and higher for L lines (10–15%) can be expected based on the 
various sources of data and estimates of detector parameters as com-
pared with experimental data. Quantifi cation packages in modern 
AEM systems provide accurate quantifi cation based on more precise 
knowledge of the internal parameters for the detector often not acces-
sible to the end user. Verifi cation of the quantifi cation procedure is, 
however, suggested based on standards of known composition to vali-
date the built-in procedures of the EDXS software.

4.1.2 Absorption
The simple expression for the quantifi cation of EDXS spectra with kAB 
factors based on standards, or with the standardless approach dis-
cussed above, assumes that the sample is thin enough that the absorp-
tion and fl uorescence terms can be neglected, i.e., the thin-fi lm criterion 
is applicable. Photons generated by the incident electrons, however, are 
absorbed by atoms in the sample via electron excitation processes 
while traveling from their origin point to the detector. As in the case 
of absorption of X-rays occurring in the EDXS detector, the strength of 
the absorption process is related to the X-ray absorption coeffi cient 
(tabulated in Goldstein et al., 1981) for a given X-ray line and a specifi c 
absorbing element. The intensity of the incident radiation (and not the 
energy) will decrease with an exponential decay (Figure 4–50) while it 
travels through a sample. Large absorption coeffi cients occur when 
low-energy X-ray lines are just above the absorption thresholds of the 
absorbing element, i.e., when the photoabsorption cross sections are 
high. At the other extreme, small absorption co effi cients occur for high-

Figure 4–49. Fluorescence coeffi cient 
for families of lines as a function of 
atomic number. (From Egerton, © 1996, 
with permission from Springer 
Science+Business Media.)



336 G. Botton

energy lines far away from the absorption threshold of the absorbing 
element. Considering these effects, the thin fi lm criterion stipulates 
that the kAB factors should not change more than the arbitrary value of 
3% (or less stringent 10%) due to absorption.

If the generation of X-rays is uniform throughout the sample thick-
ness, the kAB factor is modifi ed by the absorption correction factor 
(ACF) term:
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where kAB
Thin Film is the kAB factor for the thin fi lm without the absorption 

term, µ/ρ is the absorption coeffi cient for element A or B in the sample, 
and α is the X-ray elevation (or take-off) angle required to calculate the 
pathlength of X-rays in the sample (Figure 4–51).

In practical cases, it clear that the 3% limit to the absorption correc-
tion is very stringent and severely limits the practical applications of 
the Cliff and Lorimer approach, thus forcing the use of the correction 
term and the measurement of the sample thickness. Examples of cal-
culations of the thickness satisfying the thin fi lm criterion [Eq. (45)] 
are given in Table 4–4 for the 10% and 3% criteria (Goldstein et al., 
1986). By inspection, it is possible to note that to avoid absorption cor-
rections, extremely thin samples are required when low-energy X-ray 
lines are generated in the sample and when there are elements with 
absorption thresholds in proximity of the X-ray lines. For higher energy 
photons (and larger separation between the photon energy and the 

Figure 4–50. Absorption process of 
X-rays and variation of the absorp-
tion coeffi cient with energy.

Figure 4–51. Absorption length depen-
dence on elevation angle and foil 
thickness.
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absorption threshold), absorption can be neglected in typical AEM 
samples. To illustrate this effect, Table 4–5 indicates that an NiAl speci-
men of 9 nm thickness would satisfy the 3% criterion, while a Fe–5% 
Ni alloy would require an ≈90-nm-thick foil.

The calculation of the absorption correction factor implies that 
absorption coeffi cients are known, the density of the sample is known, 
and that the thickness of the sample can be measured at the point of 
analysis so that the pathlength of the X-rays can be determined. 
Although tabulated values for the mass absorption coeffi cients for pure 
elements can be easily found in the literature (e.g., Goldstein et al., 1986), 
the knowledge of the actual sample mass absorption coeffi cient and 
sample density means that the composition of the sample should be 
calculated in an iterative process where initial input of composition, 
and thus density and mass absorption coeffi cient values, is refi ned at 
each iteration step. An additional complication resides in the require-
ment to calculate the mass absorption coeffi cients based on all elements 
present in the sample even if only relative concentrations are of interest. 
The mass absorption coeffi cient of the sample is determined from

 µ ρ µ ρ( ) = ( )∑spec
A

i
ACi

i

 (46)

where the composition Ci for each element is used. All elements where 
absorption is potentially signifi cant should be considered, particularly 
for low-energy peaks in the presence of light elements where absorp-
tion is important. Similar diffi culties arise with the determination of 
the sample density that must be deduced following a weighed average 
based on the concentration of the pure elements (whether the elements 
are detected/analyzed or not). Given the complexity of novel synthetic 
structures produced by chemists and physicists and materials scien-
tists, extrapolating the density of materials is not a trivial task for some 
samples and the best approach to quantifi cation is to avoid thick regions 
where absorption correction is required.

An additional parameter required for absorption correction is the 
sample thickness that must be determined accurately. Various 
approaches based on convergent beam electron diffraction (Kelly et al., 
1975; Williams and Carter, 1996), contamination spot measurements 
(Goldstein et al., 1986; Williams and Carter, 1996), and electron energy 
loss spectroscopy (Section 8.2 in this chapter) exist to retrieve the 
sample thickness. Their accuracy, however, is approximately 5–10% at 

Table 4–5. Thickness criteria for the 10% and 3% absorption limit.
 Thickness for

Material 10% limit 3% limit Absorbed X-ray line

Fe–5% Ni 322 89 NiKa
MgO 304 25 MgKa , OKa
NiAl  32  9 AlKa
SiC  13  3 SiKa , CKa
Si3N4 413  6 SiKa , NKa
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best. An additional diffi culty in the evaluation of the absorption path-
length, from the point of origin to the exit point of the sample, is the 
knowledge of the sample geometry and the position of the detector rela-
tive to the point of analysis. This is demonstrated in Figure 4–52 where 
the sample is tilted for analysis or when the area of analysis is not suit-
ably positioned with respect to the detector (this might be necessary to 
achieve a suitable contrast condition in the image or to align an interface 
so that the electron beam is parallel to the interface plane). Signifi cant 
differences in absorption corrections, and therefore relative concentra-
tion, can occur if careful consideration is not given to these issues 
during experiments (Glitz et al., 1981; Goldstein et al., 1986). Errors in 
concentration up to a factor of two have been demonstrated if the detec-
tor position is not known during the analysis (Glitz et al., 1981). Simi-
larly, quantitative analysis of interfaces and grain boundaries should be 
carried out so that the X-ray path from the analysis point to the detector 
and the electron beam are contained in the same plane. This approach 
simplifi es all correction procedures since the absorption is considered 
within the boundary itself and the X-rays are generated by the electron 
beam traveling within the same material (Figure 4–53).

These diffi culties in accurately determining the correction coeffi -
cients, density, exact geometry of analysis, and the detector effi ciency, 
particularly at low energies, suggest that quantitative work on carbides, 
nitrides, and oxides is particularly prone to inaccuracies and error 
propagation so that complementary quantitative measurements with 
EELS should be carried out whenever possible. For higher energy peaks 
(such as transition metal K lines) absorption is signifi cantly lower and 

Figure 4–52. Absorption 
path for two confi gurations 
of sample with respect to 
the detector. When the 
sample is rotated so that 
the detector is in position A 
(relative to the sample), the 
absorption length is sig-
nifi cantly longer than 
when the detector is in 
position B (relative to the 
sample). (Adapted from 
Goldstein et al., 1986.)

grain 
boundary
plane

incident e-

sample

EDXS 
detector

x-rays

Figure 4–53. Ideal geome-
try for analysis of inter-
faces and grain boundaries. 
The electron beam and the 
absorption path of X-rays 
from the generated area to 
the detector are all con-
tained within the plane of 
the boundary.
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can more easily be neglected in TEM measurements on typical thin 
foils.

Alternative approaches to retrieve the composition of TEM samples 
while considering the absorption effects are given by the extrapolation 
techniques developed over the past decade. These approaches involve 
sequences of measurements at increasing thicknesses as discussed in 
Section 4.1.4.

4.1.3 Fluorescence
Fluorescence occurs when X-rays have suffi cient energy to ionize atoms 
and new photons are generated by the deexcitation process. For 
example, the FeKα (6.4 keV) can generate fl uorescence of Cr (5.9 keV) 
X-rays but cannot excite MnK (6.5 keV) lines. However, the FeKβ (7.0 keV) 
line can generate the MnK X-rays (although the contribution would be 
small since the intensity of the Kβ is about 14% of the Kα). At low ener-
gies, fl uorescence can be important given the proximity of several lines. 
Although it is possible to generate fl uorescence far away from the point 
of origin, fl uorescence in thin specimens is not as important as in bulk 
samples for the simple reason that there is less material to fl uoresce. 
The original developments required to correct for fl uorescence effects 
are due to Philibert and Tixier (1975). Their model considered that the 
X-rays are generated from the middle of the tin foil and predicted small 
changes in intensities due to fl uorescence. Improvements were later 
proposed by Nocholds et al. (1979) to consider uniform emission of X-
rays in the sample including tilted sample geometries when element B 
causes fl uorescence of element A:
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where

 IA/IA =  the ratio of fl uorescence intensity to primary 
intensity,

 ωB = fl uorescence yield of element B,
 rA = absorption edge jump ratio of element A,
 (µ/ρ)B

A, (µ/ρ)B
spec =  mass absorption coeffi cients of X-rays from element 

B in element A, and the specimen,
 AA, AB = atomic weights of elements A and B, and
 ECA, ECB =  critical excitation energy for the characteristic radia-

tion of A and B.

As in the case of the absorption corrections, prior knowledge of the 
sample composition (in this case of element B) is required for the cal-
culations, thus resulting in an iterative process to estimate the correc-
tion term. This expression proved effective in correcting for fl uorescence 
in very thick samples by modern AEM standards (Figure 4–54). Addi-
tional corrections for the fl uorescence caused by the continuum radia-
tion are presently considered to be negligible.

4.1.4 Correction Techniques
The k factor expression [Eq. (42)] assumes that the sample is infi nitesi-
mally thin and corrections are not required. The thin-fi lm criterion 
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discussed above states that corrections are not required if the kAB factors 
do not change by more than about 3%. This implies that estimates of 
the absorption correction factors using Eq. (45) are necessary if the 
thickness does not satisfy this criterion and that estimates of the sample 
thickness for the points of analysis are required. If the ACF is greater 
than 1.03 or smaller that 0.97, corrections must be carried out and exact 
measurements of the thickness are necessary.

Similarly, fl uorescence corrections are required if the X-rays of one of 
the elements generate signifi cant X-ray emission from other elements 
present in the sample. The fl uorescence correction term proposed by 
Nocholds et al. (1979) with estimates of the thickness is used to calculate 
the ratio of fl uoresced intensity to primary intensity IA/IA for element 
A (and for the other elements present). When the correction term is 
greater than 5%, the thin-fi lm criterion is not met and the correction is 
required. If both the thin-fi lm criteria for absorption and fl uorescence 
are not satisfi ed, quantifi cation requires the related corrections
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where it is assumed that element A is fl uoresced by element B and the 
thickness is calculated at each analysis point. As discussed in Sections 
4.1.2 and 4.1.3, the calculations require “prior” knowledge of the sample 
composition, thus leading to the use of iterative techniques with 
initial assumptions of the composition and refi nement of the com-
positions until there is agreement between the input and output 
concentrations.

Various approaches have been proposed over the past few years to 
simplify the quantitative analysis of samples without prior knowledge 
of the sample thickness. These methods rely on the extrapolation of the 
composition for a “zero-thickness” sample based on several measure-
ments obtained from areas of different (but unknown) thicknesses. 
These measurements would require a constant acquisition time and 
electron beam current during the series of measurements and a uniform 
sample concentration in the areas of analysis. The original approach 
was proposed by Horita et al. (1987) who suggested the use of measure-

Figure 4–54. Effect of fl uo-
rescence correction on the 
quantifi cation of spectra as 
a function of thickness. The 
raw data show strong thick-
ness dependence while cor-
rected data are shown with 
Eq. (47) is independent of 
thickness.
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ments of kAB factors at different sample thickness. By plotting the kAB 
factors as a function of the intensity of one high-energy X-ray line in 
the spectrum and extrapolating the curve to zero intensity, an “absorp-
tion and fl uorescence-free” kAB factor can be obtained (Figure 4–55). 
This approach is based on the assumption that the high-energy X-ray 
line is not strongly absorbed and that its intensity is therefore directly 
related to the sample thickness [Eq. (37)]. This method can be used to 
determine “zero-thickness” kAB factors of standard samples and the 
composition of unknown samples following the extrapolation of X-ray 
line intensity ratios to zero thickness. Although extremely useful for 
the quantifi cation of homogeneous samples, the extrapolation tech-
niques are not suitable for the determination of the composition of 
structures where the variations in thickness cause overlap of phases 
throughout the analyzed area. For example, when the composition of 
precipitates in a thin foil is required, only areas where the precipitates 
do not overlap with the matrix can be analyzed.

Various modifi cations to the Horita technique were proposed later 
by Van Cappellen (1990) for work on alloys, Eibl (1993) and Van 
Cappellen and Doukhan (1994) for work on oxides using the charge 
neutrality concept, and in light element analysis demonstrated by 
Westwood et al. (1992).

4.2 Quantifi cation in EELS

4.2.1 Quantifi cation Procedures
The atomic cross sections (Section 3) describe the probability of excita-
tion of an atom by a fast incident electron. The energy dependence of 
these cross sections provides a basic description of the shape of the 
edges (without any solid-state and bonding effects) while the partial 
cross section integrated for a given collection angle and energy window 
allows the intensity recorded in the spectrum to be related to the inci-
dent beam current and the number of atoms excited by the primary 
electron beam. The recorded signal for a particular edge, however, is 
superimposed on a large background due to lower energy excitations 
(including collective excitations and lower energy ionization edges). 
Therefore, even for elements present in the sample in large concentra-
tions, the background can constitute the major contribution to the 

Figure 4–55. Extrapolation procedure using 
the method proposed by Horita et al. (1987). The 
kAB factor is plotted as a function of the inte-
grated number of counts of an X-ray line (not 
absorbed in the sample) as an indirect indicator 
of the thickness of the sample. Extrapolation to 
zero counts leads to the determination of the kAB 
factor of a thin sample. The nonabsorbed X-ray 
line must be of suffi ciently high energy and far 
from any absorption edge.
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intensity at a given energy loss (Figure 4–10) and must be removed, 
prior to the integration of the signal of the characteristic edge, using 
an extrapolation technique (Figure 4–56). The extrapolation is based 
on a power-law dependence of the background derived from atomic 
physics (Section 3.4.2)

 Ib(E) = AE−r (49)

where A and r can be considered as constants within a small region of 
the spectrum and their values can be retrieved based on a fi t of the 
spectrum over an energy window prior to the edge of interest. The A 
parameter is strongly dependent on the intensity of the spectrum 
(hence, the current, recording time, collection effi ciency, etc.) whereas 
the r parameter (related to the slope of the spectrum) varies between 
the values of 2 and 6 and is mostly dependent on energy loss and 
angular collection conditions. The fi t and extrapolation of the back-
ground are carried out over energy windows (Figure 4–56) using least-
squares fi tting after transformation of the intensity and energy to a 
logarithmic scale so that the intercept of the fi t relates to the A param-
eter and the slope to the r parameter. Alternatively, nonlinear least 
squares can also be used. Once the A and r parameters are found in 
the fi tting region, the extrapolation makes it possible to subtract the 
background and to extract the characteristic edge (Figure 4–56). This 
power-law extrapolation assumes that the contributions from multiple 
inelastic losses to the spectrum in the region of interest are small. For 
typical samples having thicknesses in the order of 50–100 nm, this 
requirement is relatively easy to meet at high energy losses (a few 
hundred electronvolts and higher) but low energy edges (<80 eV) such 
as AlL23 and LiK are particularly diffi cult to analyze due to the rapid 
variation of r and the contributions of multiple scattering (see Section 
8.2). Very thin samples are thus required and more advanced approaches 
able to deal with the steep background and rapid variation of the r 
parameter for extrapolation are necessary.

Polynomial-based extrapolation and/or constraint power-law 
(forcing the background to cross the spectrum at a given energy) can 
be used to deal with numerical instabilities arising from the extrapola-
tion. To remove the complications due to multiple scattering when 
extracting low-energy edges, deconvolution of the spectrum using the 
Fourier-log technique is necessary (see Section 8.2). Fitting approaches 

Energy loss 

In
te

ns
ity

Γ

∆
Figure 4–56. Back-
ground extrapolation of 
EELS edges. Fitting of 
the background is carried 
over a window Γ and 
integration is carried out 
over an energy window 
∆.
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using reference spectra and multiple scattering convolution with low-
loss spectra have been developed recently (Verbeeck and Van Aert, 
2004) to deal very successfully with weak and/or overlapping edges 
(Figure 4–57). Signal extraction using difference techniques (Egerton 
and Leapman, 1995) has also been used to analyze very weak signals 
for elements present in trace concentrations (Leapman and Newbury, 
1993; Shuman and Somlyo, 1987). A variant of this latter method uses 
a numerical difference technique (Zaluzec, 1985). This technique is 
relatively insensitive to the sample thickness. Following the extraction 
of the background, integration of the signal over an energy window ∆ 
must be carried out (Figure 4–56) to relate the signal to the number of 
atoms present under the electron beam.

Assuming that single scattering is dominant (i.e., one single loss event 
occurs when the electron travels through the sample), the integrated 
edge intensity, obtained for a given collection angle β and integration 
window ∆, is related to the number of atoms per unit area N, the unscat-
tered intensity I0 (the zero-loss peak is assumed to be nearly equal to the 
incident beam in a single scattering fi rst approximation), and the partial 
cross section σk for the same collection and integration conditions

 I1
k(β,∆) = NI0σk(β,∆) (50)

Figure 4–57. Model-based quantifi cation of EELS of edges using maximum likelihood estimators of 
parameters of spectra and variation of quantifi cation with respect to thickness (bottom panel). Models 
include thickness effects and cross sections. The top panel shows that quantifi cation with this tech-
nique appears to be less sensitive to thickness variations based on a series of measurements with 
increasing thickness (relative to the inelastic mean free path) on a wedge sample (Reprinted from 
Microscopy, 101, J. Verbeeck and S. Van Aert, Model based quantifi cation of EELS spectra, p. 207–224 
© (2004), with permission from Elsevier.)
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where the index refers to the single scattering assumption. More realisti-
cally, we must consider that plasmon interactions redistribute the inten-
sity in the spectrum causing multiple inelastic processes visible both at 
low energy and at the core edges (i.e., core loss and plasmon scattering 
occurs as discussed in Section 8.2) (Figure 4–58). Furthermore, elastic 
scattering reduces the collected intensity by scattering electrons outside 
the collection aperture both for the apparent zero-loss intensity, relative 
to the incident beam intensity, and for the edge. In these conditions, we 
must integrate the spectrum intensity above the zero-loss peak so as to 
include inelastic scattering up to an energy loss ∆ (Figure 4–58).

 Ik(β,∆) = NI(β,∆)σk(β,∆) (51)

Although this equation allows us to measure the absolute number of 
atoms per unit area, the more typical approach in EELS quantifi cation 
is to use intensity ratios to deduce the relative concentration using
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In this case, the indices k and j relate to the fact that different types of 
edges can be used for quantifi cation (K, L, or M). When multiple scat-
tering is removed from the spectrum through the use of deconvolution 
techniques (Section 8.2) the expression remains the same but the 
extracted intensity is obtained from extrapolation of the deconvoluted 
spectrum.

4.2.2 Correction for Convergence
Equation (52) assumes that the incident beam is parallel and the angular 
distribution of scattering (represented by the Bethe surface in Figure 
4–41) is not altered by any convergence of the incident beam. Correc-
tions to account for convergence of the incident beam onto the sample, 
however, become necessary when the electron beam is convergent (α ≥ 
≥0.3β) as in the case of analysis in STEM mode. In STEM confi guration 
the convergence angle α typically exceeds this criterion (Figure 4–59). 
The relative concentration must be calculated by including convergence 

Figure 4–58. Extrapolation of edge signals and the integration windows used 
for quantifi cation. The integration of the signal over the window ∆ is carried 
out for the signal at the edge and for the low-loss part of the spectrum [based 
on Eq. (51)]. G is the value of the gain change (scale change factor) to visualize 
the high-energy part of the spectrum.
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correction factors into Eq. (52) that can be deduced analytically (Egerton, 
1996) for each particular edge. The relative concentration becomes
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where F1a,b are the convergence correction factors that are dependent 
on the angular scattering distribution for a particular edge via the 
characteristic scattering angle θE. Correction factors must therefore be 
calculated for each edge of interest in the quantifi cation and can be 
deduced from Figure 4–60 or from simple programs (Egerton, 1996). It 
is possible to note that for edges of very similar intrinsic angular dis-
tributions (i.e., two edges close in energy will have very similar θE) the 

Figure 4–59. Relation between the conver-
gence and collection angles for quantifi ca-
tion of spectra accounting for the incident 
beam convergence.

Figure 4–60. Correction factors F1 useful to quantify spectra accounting for 
convergence of the incident beam α. The convergence factors F1 must be deter-
mined for each edge based on the convergence angle α relative to the collection 
angle β. For each edge, the characteristic angle θE relative to the collection 
angle β must be used to identify the appropriate curve to be used in the quan-
tifi cation. The F2 curves are used only for absolute quantifi cation. (From 
Egerton © 1996, with permission from Springer Science+Business Media.)
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ratio F1b/F1a is close to one and no effect of convergence is visible irre-
spective of the convergence angle.

For absolute quantifi cation, the correction of the expression relating 
the number of atoms and the recorded intensity under the edge 
[Eq. (51)] becomes necessary irrespective of the intrinsic angular 
distribution

 Ik(β,∆,α) ≈ F2NI(β,∆)σk(β,∆α) (54)

where the correction factor F2 ≈ F1 for α ≤ β and F2 = (α/β)2F1 for α ≥ β 
and can be deduced from Figure 4–60.

4.2.3 k-Factor Approach
All the expressions for relative quantifi cation in EELS are similar to 
the kAB factor equations in EDXS microanalysis. In a similar manner, a 
k-factor approach has been proposed (Malis and Titchmarsh, 1985) to 
quantify EELS spectra, although the experimental and sample condi-
tions (convergence, collection, sample thickness) must be very strictly 
controlled and reproducible. Once the k-factor has been determined on 
the reference sample accounting for the cross-sectional ratios and pos-
sible convergence effects, the same k-factor can be used to deduce the 
composition of the unknown samples as in EDXS microanalysis. Cross 
section calculations using the currently available models (Hartree–
Slater or hydrogenic, see Section 3.4) and convergence corrections are 
already built-in in commercial programs that control the acquisition 
functions of the spectrometers. An additional calculation approach to 
deduce the cross sections necessary for the quantifi cation makes use 
of tabulations of the oscillator strengths obtained from optical data (see 
Section 3.4.1). These methods require the acquisition of spectra in 
dipole conditions (i.e., with small collection angles) and within the 
energy range where the angular distribution of scattering is still domi-
nated by the Lorentzian term of Eq. (27) (i.e., near the edge threshold). 
The methodology is described in Egerton (1993) and summarized in 
Egerton and Leapman (1995).

4.2.4 Limitations in Analysis and Quantifi cation
Although EELS quantifi cation is not affected by absorption or fl uores-
cence, there are major drawbacks in quantitative and even qualitative 
EELS analysis. The major diffi culty is the strong effect of the sample 
thickness on the detection of EELS edges. For example, spectra from 
specimens of very simple composition a few tens of nanometers in 
thickness can reveal well-resolved edges while spectra from “thicker” 
areas (as thin as 100 nm) might show no edges (Figure 4–61). This 
severe limitation to the visibility of edges is due to the contribution of 
multiple inelastic scattering that increases the background under the 
edge. The contribution of multiple scattering, however, is not uniform 
as a function of energy loss and the quantifi cation of spectra for increas-
ingly thick samples demonstrates a variation of the apparent concen-
tration with thickness. Systematic measurements of the ratio of two 
elements, for example, show that samples with thickness relative to the 
mean inelastic free path (Sections 3.4 and 8.2) t/λ > 0.5 are unreliable 
(Figure 4–62). Even when multiple scattering effects are removed with 
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deconvolution techniques (Section 8.2), the effects persist (Egerton, 
1996), suggesting that additional contributions due to the angular dis-
tributions of losses are present and cannot be neglected in correction 
approaches. Calculations that include the contributions of elastic scat-
tering (Cheng and Egerton, 1993) and convolutions of the energy and 
angular distributions of the scattering angle (Su et al., 1995) demon-
strate trends that are consistent with the experimental variation of the 
composition with thickness. Correction programs have been devel-
oped to account for these effects (Wong and Egerton, 1995). The lack 
of visibility of edges in spectra, even for pure elements, implies that 
users should be particularly cautious about drawing conclusions on 
the absence of elements during the analysis of point spectra and par-
ticularly with the application of energy-fi ltered imaging techniques. 
In the latter condition, since spectra are usually disregarded and the 
acquisition is done in an automatic procedure, erroneous results can 
often be obtained if care is not taken to check the sample thickness 
prior to the analysis of spectra. Relative thickness maps should 
therefore be used as a routine check prior to elemental imaging to 
verify the applicability of the t/λ > 0.5 condition. The procedure for 
the measurement of the relative thickness is described in detail in 
Section 8.2.

Figure 4–61. Variation of the 
visibility of spectra with increas-
ing thickness of the sample. 
Thick samples will not necessar-
ily show EELS edges even for 
major constituents.

Figure 4–62. Variation in the 
quantifi cation of two elements 
as a function of thickness 
relative to the total inelastic 
mean free path.
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5 Resolution in Microanalysis

5.1 EDXS Microanalysis

Two contributions determine the spatial resolution in X-ray micro-
analysis. The fi rst contribution arises from the electron beam diameter 
and the second from the electron beam broadening generated when 
electrons travel in the sample. The early analytical TEMs provided 
beam diameters of the order of tens to a hundred nanometers and the 
beam broadening within the sample was not a signifi cant issue. Mea-
surements using contamination spots demonstrated that the illumi-
nated area on the top of the sample was essentially the same as the exit 
surface of the electron beam (e.g., see Stenton et al., 1981). The situation 
changed radically with the development of analytical instruments 
equipped with fi eld emission sources capable of achieving probe sizes 
in the order of a nanometer or smaller (Section 2.1) whereby the ulti-
mate limits in spatial resolution due to the intrinsic beam broadening 
could be probed.

To determine electron beam broadening, we must consider that the 
trajectory of the incident beam is controlled by an elastic scattering 
process that causes the deviation of the incident electrons as they travel 
through the sample. Transport equations (Rez, 1984) and detailed mul-
tislice calculations (e.g., Loan et al., 1988; Mobus and Nufer, 2003; 
Voyles and Muller, 2004; Dwyer and Etheridge, 2003; and Section 3.2) 
have been developed to describe electron beam propagation [including 
the impact of sub-Angstrom beams (Dwyer and Etheridge, 2003)] but 
more extensive work has been carried out in the fi eld of AEM using 
Monte Carlo simulations that consider the individual trajectories of the 
incident electrons, the elastic scattering cross sections that modify the 
electron trajectories, and the inelastic scattering that causes the slow-
down of the electrons (Figure 4–63). Monte Carlo approaches are easily 
applicable in complex geometries of samples (for example, interfaces 
and particles), although they neglect the effect of channeling of elec-
trons in crystal and therefore assume the sample is amorphous or tilted 
away from a zone axis. The Monte Carlo technique is based on the 
generation of random numbers that are used to calculate the scattering 
angles [via equations of the elastic cross sections: Eq. (11)], the path-
length between scattering events [using the elastic mean free path of 
Eq. (12)], and the energy loss between the scattering events [using the 
stopping power derived from the inelastic cross sections: Eq. (19)].

Electron trajectories simulated with the Monte Carlo method for thin 
fi lms show the dependence of beam broadening on the accelerating 
voltage (Figure 4–64). The effect of the average atomic number and 
sample geometry can also be easily determined. With these simula-
tions, it is possible, in principle, to evaluate the exit area and the volume 
containing an arbitrary fraction of electrons that will contribute to the 
generation of the X-rays signal and thus the spatial resolution. For 
example, the interaction volume containing 90% of scattered electrons 
is typically used as a reference in the AEM literature to determine the 
resolution, although more stringent criteria [with 95% of the electrons 
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(Faulkner and Norrgard, 1978) and 99% of the electrons (Reed, 1966)] 
have also been proposed. Although broadening values can be retrieved 
from the simulated trajectories in a few minutes of computation even 
on laptop computers or through web-based programs (Hovington 
et al., 1997), quick estimates of the electron beam broadening are neces-
sary to evaluate the approximate loss of spatial resolution in micro-
analysis. Goldstein et al. (1977) developed a simple analytical model 
assuming a single scattering event in the middle of the foil thickness 

Figure 4–63. Simulation of the electron trajectories in a thin sample of Au 
(100 nm thickness) using the Monte Carlo method for 100-keV incident elec-
trons. Calculations of electron trajectories are carried out using the public-
domain code CASINO developed in the Gauvin group (Hovington et al., 1997) 
available on the web (http://www.montecarlomodeling.mcgill.ca).

Figure 4–64. Electron trajectories in a 100-nm-thick Au Monte Carlo calcula-
tions for 300-keV incident electrons.
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(Figure 4–65) to calculate the broadening of the electron beam b that 
contains 90% of the scattered electrons:

 b
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t= × ( )7 21 105

0

1 2
3 2.

ρ
 (55)

where b is the broadening in centimeters, Z is the atomic number, A is 
the atomic weight, E0 is the accelerating voltage (electronvolts), ρ is the 
density (grams/cubic centimeter), and t is the specimen thickness (cen-
timeters). This simple equation is the most common method to esti-
mate the broadening and is most suitable for foils of thickness 
approximately equal to the elastic mean free path (see Section 3.2), 
although refi nements were proposed to account for multiple scattering 
in thicker foils (Cliff and Lorimer, 1981; Goldstein et al., 1986).

The spatial resolution can be determined based on the contribution 
of both the electron beam size (d) and the electron beam broadening 
(b). Early models proposed the addition of the two terms in 
quadrature

 R = (b2 + d2)1/2 (56)

to yield the resolution R, but the currently adopted defi nition is based 
on experimental evidence suggesting the use of a less stringent, but 
still arbitrary, average sum of the two terms leading to a defi nition of 
spatial resolution based on the broadening in the middle of the foil 
thickness as suggested in Figure 4–66:

Figure 4–65. Simplifi ed diagram 
describing the broadening of 
electronic samples. The parameter 
b describes the broadening at the 
bottom of the foil using Eq. (55) and 
the single scattering assumption.

Figure 4–66. Defi nition of parameters related to the calculation of the resolu-
tion with Eqs. (57) and (56) [where Rmax is estimated with Eq. (56) as the 
maximum broadening at the bottom of the foil] and R is the broadening in the 
middle of the foil. d is the diameter of the incident electron beam.
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where Rmax is determined from Eq. (56) as the maximum broadening 
at the bottom of the foil. If 90% of the beam current distribution is 
considered, the resolution becomes (Keast and Williams, 2000)

 R d bd b= + +2 2 3  (58)

Recent measurements with sample geometries that probe the elec-
tron beam broadening at the bottom of the foil have been published 
and have led to the conclusion that although the single scattering 
models predict the right beam broadening magnitude, these quantita-
tively overestimate the broadening observed experimentally (Nakata 
et al., 2001). More accurate models (Keast and Williams, 2000; Doigt 
and Flewitt, 1982) consider a Gaussian probe distribution of standard 
deviation σ and hence a probe with an FWHM of 4.29σ propagating 
the foil with a distribution accounting for beam spreading and the 
incident probe distribution (Keast and Williams, 2000)
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where β = 500(4Z/E0)2(ρ/A) and ib is the incident beam current.
Using this more detailed electron distribution in the probe (as well 

as more simple models) as it travels through the sample, Keast and 
Williams (1999, 2000) determined the equilibrium segregation profi le 
in grain boundaries based on composition line scans and two-
dimensional map measurements (Figure 4–67). Based on the Gaussian 
intensity distribution of incident electrons the resolution, for a given 
fraction of electrons Q, as a function of thickness, can be defi ned as
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where the integration is carried out over the thickness up to t = h where 
R is the diameter of the cone defi ning the resolution. The distribution 
is assumed circularly symmetric (since there is no dependence of the 
azimuth angle in the equation) and applicable to a two-dimensional 
case. By defi ning the resolution criteria based on the fraction of 
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Figure 4–67. Composi-
tion profi le of S segrega-
tion at an Ni grain 
boundary. The profi le is 
based on the modeling 
of the beam profi le 
using a Gaussian 
probe distribution and 
Eq. (59) (Keast and 
Williams, 2000). (Profi le 
courtesy of V. Keast, 
University of Sydney.)
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electrons within a given radius, it is possible to plot the expected reso-
lution (Figure 4–68) for a diameter containing 50% and 90% of elec-
trons. A comparison of the predictions with experimental profi les 
obtained on equilibrium segregation in Cu (for FWHM and at 10% 
maximum) (Keast and Williams, 2000) shows excellent agreement for 
thicknesses up to the elastic mean free path.

With a dedicated STEM, recent work on grain boundary segregation 
and multilayer composite materials has shown that it is possible to 
detect submonolayer segregation at grain boundaries (Keast et al., 1998; 
Keast and Williams, 1999, 2000) and map the composition of quantum 
wells in semiconductor materials (Figure 4–69). EDXS analysis with 

Figure 4–68. Resolution 
variation as a function of 
thickness for the 50% and 90% 
fraction of electrons within 
the beam. (Adapted from 
Keast and Williams, 2000.)

Figure 4–69. Quantita-
tive EDXS elemental 
maps of In-rich quantum 
wells in semiconductors 
and related intensity 
profi les across the 
quantum wells. (Cour-
tesy of V. Keast, Univer-
sity of Sydney.)
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aberration-corrected instruments has been recently reported by 
Watanabe et al. (2005) and Watanabe and Williams (2005a).

5.2 Energy-Filtered Microscopy and EELS Microanalysis

The spatial resolution in energy loss spectroscopy measurements is 
strongly dependent on the operating mode of the microscope during 
EELS analysis due to the illumination conditions of the area of interest, 
the effects of lens aberration, and the spectrometer coupling condi-
tions. The contribution from the microscope lens aberrations comes 
essentially from the objective lens and can be calculated as follows. 
With respect to an incident beam of primary energy E0 propagating 
along the optic axis, the inelastic interactions that induce an energy 
loss E and scattering at an angle θ will cause a blur of an object point 
(and the image on the viewing screen of the microscope) due to chro-
matic aberrations R = M0θ∆f where M0 is the magnifi cation of the objec-
tive lens and ∆f = Cc(E/E0). According to the Rayleigh criterion, two 
object points with blurred independent distributions can be resolved 
if they are separated by a distance giving rise to an intensity drop of 
20% between the maxima of the summed distributions (Figure 4–70).

The distance between these two points is defi ned as the resolution 
and is obtained as (Egerton, 1996)

 ri ≈ 2θE∆f ≈ Cc(E/E0)2 (61)

This resolution is expected for energy-fi ltered images acquired at an 
energy loss E when the incident electron energy is kept constant, the 
image is initially focused for electrons that have lost no energy (which 
is also known as a zero-loss image, Section 2.4.1), and the scattering 
angles are limited only by the intrinsic scattering distribution at the 
energy loss E (i.e., no limiting objective aperture is used). For images 
of thick samples, it should be pointed out that the inelastic losses can 
constitute the most important part of the signal resulting in signifi cant 
blurring of images. These contributions can be removed by energy fi l-
tering so that the inelastically scattered electrons are removed with the 

Figure 4–70. Rayleigh defi nition of resolution based on the overlap of two 
diffracting-limited functions placed in close proximity to each other. If the 
sum of the two intensity profi les shows a dip of 20% of the maximum intensity, 
the peaks are considered to be resolvable.
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energy-selecting slit and the images appear sharp even for thick samples 
(Figure 4–71). In typical conditions for optimum energy loss imaging 
at an energy loss E, however, the incident electron energy is readjusted 
so that the spectrometer is focused at the energy loss E (i.e., by raising 
the high tension of the microscope so that the primary energy is now 
E0 + E) and the electrons of the related loss are in focus. If an energy-
selecting slit ∆E wide is used, the resolution becomes (Egerton, 1996)

 ri ≈ 2θE∆f ≈ (CC/4)(∆E/E0)2 (62)

When the angular distribution of scattering is limited by an objective 
aperture β smaller than the angular distribution of scattering, namely 
θE, other contributions become dominant (diffraction limit, spherical 
aberration, delocalization of scattering) and the spatial resolution in 
elemental maps is derived from a combination of all factors as described 
in Section 6.2.3.

For point analyses carried out in TEM image mode, the spectrometer 
entrance aperture is used to select electrons from the regions of interest 
so that they enter the spectrometer for analysis. In these conditions, 
the chromatic aberration will also cause contributions from areas 
further away from the spectrometer aperture-delimited area due to the 
signifi cant broadening of the angular distributions and high energy 
losses. If no angular-selecting aperture (the objective aperture in this 
case) is used, the total broadening due to angular scattering up to the 
Bethe-ridge (θr = θC, which includes most of the scattering intensity, see 
Section 3.4.1) is

 rc ≈ θr∆f (63)

while the use of an angular-selecting aperture (in the objective back-
focal plane when the TEM is operated in image mode) will limit the 

a) b)

Figure 4–71. (a) Energy-fi ltered image of an Al alloy with strengthening 
precipitates. The image has been obtained by selecting only the electrons 
that have not lost signifi cant amounts of energy (i.e., zero-loss image) and (b) 
unfi ltered image (containing all the inelastically scattered electrons). Although 
the total intensity is reduced, the precipitates are more clearly defi ned with 
sharper edges in the zero-loss image.
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broadening to rc(β) ≈ β∆f. Once again, two cases can be distinguished: 
∆f = Cc(E/E0) if the image is focused at the primary energy E0 and ∆f = 
Cc(∆E/4E0) if the electrons are focused at an energy loss of interest and 
an energy selecting slit ∆E wide is used (Egerton, 1996).

The broadening due to aberrations is a signifi cant contribution that 
cannot be reduced in current instrumentation, although work is in 
progress to develop chromatic aberration correctors that would signifi -
cantly impact the ultimate resolution in energy-fi ltered imaging. Thus, 
at the present time, the ultimate resolution is achieved by limiting the 
illuminated area with the electron beam. Current commercial Schottky-
type FEG instruments make it possible to achieve a probe size of about 
0.2 nm with typically 10 pA of current (more with a cold fi eld emission 
source). Spherical aberration correctors can be used to improve the 
probe-forming capability. These instruments have already been devel-
oped and implemented on different platforms by major manufacturers 
on both dedicated scanning transmission microscopes and STEM-TEM 
instruments yielding sub-Ångstrom probes with 10–20 pA current 
or about a few hundred picoamperes for 0.2-nm-diameter probes 
[Dellby et al., 2001; Krivanek et al., 2003; Batson et al., 2002; Krivanek 
et al., 2003; and Chapter 2 (this volume)]. With such small probes, 
however, it becomes increasingly important to be aware of the detailed 
electron propagation within the sample as discussed in Section 3.2.

Since the electron propagation process in the sample is the same 
irrespective of the microanalysis technique probing various signals, 
elastic scattering does affect the broadening of the electron beam not 
only in EDXS but also in EELS measurements. The impact of this 
broadening on the degradation of the spatial resolution, however, can 
be somewhat controlled with the use of a collection aperture that limits 
the scattering angles entering the spectrometer. As shown in Figure 
4–72a, electrons scattered at high angles (thus away from the forward 
direction and the incident probe distribution) can be eliminated with 
the use of an angle-limiting collection aperture (either the objective 
aperture if the spectra are acquired in image mode or the spectrometer 
aperture if the spectra are acquired in diffraction and STEM mode). 
Assuming that the elastic scattering distribution is large compared to 
the collection angle and that there is no strong Bragg scattering (essen-
tially an amorphous sample) the fraction of electrons contained within 
a radius r for a given sample thickness t and collection aperture β can 
be estimated geometrically (Figure 4–72b and c). Based on Figure 4–
72b we can estimate this geometric broadening contribution for a par-
allel incident electron beam. For a sample thickness of 100 nm and a 
collection angle of 10 mrad, the fraction of electrons contained within 
0.5 nm would be 85% and nearly 100% for 1 nm. These contributions 
can be small compared to the intrinsic broadening due to the conver-
gence of the electron beam required for STEM imaging and optimal 
probe size (in the range from a few millirad to a few tens of millirad 
in the case of aberration-corrected STEM instruments (see Section 2.1). 
The latter geometric broadening contribution for a 100-nm-thick sample 
assuming optimal probe size with 30 mrad convergence in an aberra-
tion corrected STEM would be 3 nm! Although these numbers repre-
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sent an extreme effect due to the sample thickness, typical samples 
used to demonstrate the ultimate resolution tend to be in the order of 
5–10 nm thick as required to limit the propagation of the electron beam 
within a single atomic column (Section 3.2). In these cases, the geomet-
ric broadening would be of the order of 0.1–0.3 nm.

When the electron beam size is in the order of a fraction of a nano-
meter, a signifi cant contribution affecting the spatial resolution is the 
delocalization of inelastic scattering, i.e., the excitation and energy loss 
can occur even for electrons traveling at a fi nite distance b from the 
target atoms and not only when the incident electron is “directly on 
the atom” in the classical particle point of view. This factor ultimately 
limits the spatial resolution in EELS analysis with aberration-corrected 
electron microscopes capable of achieving sub-Ångstrom beam sizes.

As expected from the wave-mechanical perspective, the origins of 
the delocalization effect are quantum mechanical in nature and relate 

a)

b) c)

Figure 4–72. Geometric contribution to the broadening of the electron beam. 
(a) The effective broadening can be reduced by using an angle-limiting aper-
ture even if the real broadening still occurs in the sample as larger scattering 
angles (causing the broadening) are cut off by the aperture. (b) Diagram defi n-
ing the broadening terms necessary to calculate the fraction of electrons scat-
tered outside a radius r for a given combination of thickness and collection 
aperture. (c) Geometric evaluation of the fraction of electrons contained within 
a radius r. (From Egerton © 1996, with permission from Springer Science+Business 
Media.)
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to the uncertainty relation, but a simple classical treatment makes it 
possible to identify the signifi cant elements related to spatial resolu-
tion. Based on classical scattering, the impact parameter b is related to 
the scattering angle of electrons (Figure 4–40): large scattering angles 
are indicative of a smaller impact parameter and thus interactions 
closer to the atom. Hence, measurement of energy losses carried out 
on electrons scattered at a large scattering angle would imply higher 
apparent resolution. The simplest treatment of the spatial resolution 
involving the uncertainty principle (e.g., Brown, 1999) invokes the time 
of interaction (∆τ) of an electron traveling at a speed v and at a distance 
b from the atom. The interaction time is ∆τ = b/v. Applying the uncer-
tainty relation ∆E∆τ ≤ h yields bmax = hv/∆E with b considered the ulti-
mate spatial resolution and ∆E the energy loss. For energy losses of 
about 20 eV (at 100 keV) the delocalization is of the order of 2 nm while 
for energy losses of 200 eV it would be 0.2 nm. A more detailed analysis 
(Pennycook, 1982; Pennycook et al., 1996) based on the same principles 
yields a delocalization with the form
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where β is the limiting collection angle (the maximum scattering angle 
entering the spectrometer) and θE is the characteristic scattering angle 
at the energy loss ∆E (θE = ∆E/2E0).

The detailed quantum mechanical treatments by Muller and Silcox 
(1995) and Kohl and Rose (1985) as well as the work of Pennycook (1982) 
led to results (in terms of trends and order of magnitude) similar to the 
simpler analysis presented by Egerton (1996, 1999), who considered a 
spatial resolution related to the diffraction limit imposed by the width 
of the energy-dependent scattering distribution and the collection aper-
ture. This approach can be deduced as follows. For high energy losses, 
the angular distribution can be broader than the collection aperture 
and thus the diffraction limit imposes a resolution determined by the 
collection aperture β similar to the Rayleigh criterion, i.e., 0.6λ/β.

When the angular scattering distribution is not limited by the col-
lection aperture (typically for low energy losses), the scattering distri-
bution is limited by a cut-off angle θc = (2θE)1/2 related to the Bethe-ridge 
maximum scattering angle (Sections 3.3 and 3.4.1). In this case, the 
median scattering θ̃ angle containing 50% of the electrons is θ̃ ≈ (θEθc)1/2 
and thus θ̃ ≈ 1.2(θE)3/4. By considering that the limiting aperture con-
taining 50% of the electrons is effectively given by θ̃, this diffraction 
limit contribution will be 0.6λ/θ̃, i.e., 0.5λ/(θE)3/4. Combining the two 
limiting terms in quadrature, the delocalization contribution to the 
resolution, related to inelastic scattering of 50% of the intensity, is

 d50
3 4 2 20 5 0 6≈ ( )[ ] + ( ). .λ θ λ βE  (65)

Experimental measurements roughly agree with these estimates and 
more detailed quantum mechanical treatments (Kohl and Rose, 1985; 
Muller and Silcox, 1995) (Figure 4–73). More recent work deals with the 
impact of aberration correction and ultimate spatial resolution by com-
bining the effects of inelastic scattering and sub-Ångstrom beam prop-
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agation in the sample (Oxley et al., 2005; Cosgriff et al., 2005; Dwyer, 
2005). This delocalization contribution enters the defi nition of resolu-
tion for energy-fi ltered elemental mapping (Section 6.2.3). It is impor-
tant to note that elastic scattering can affect the apparent resolution 
shown in inelastic images due to the modulation of the signal entering 
the spectrometer. If strong elastic contrast is present (for example, 
lattice fringes, larger atomic number elements, or diffraction contrast), 
inelastic images might show features with apparent resolution that is 
not simply related to the inelastic scattering distribution but rather to 
the much more localized elastic scattering (Spence and Lynch, 1982). 
Lattice images obtained with inelastically scattered electrons can be 
obtained, therefore, at energy losses where the localization contribu-
tion is, in principle, larger than the interatomic spacing due to these 
effects. As discussed in Section 6.2, approaches have been devised to 
circumvent these effects by selecting the collection aperture so that the 
phase contrast, giving rise to lattice images, disappears and by normal-
izing the inelastic images with the background prior to the edge thresh-
old (Freitag and Mader, 1999; Hofer et al., 2000).

6 Elemental Mapping

6.1 Elemental Mapping EDXS

With the control of scanning coils of the electron microscope (Section 
2.2) and by recording X-ray counts within a particular energy window 

Figure 4–73. Localization of inelastic scattering as a function of energy loss 
for a collection angle β of 10 mrad. Curves are based on a Rayleigh approach 
to the evaluation of the localization. Various experimental measurements 
based on the literature are presented (fi lled symbols). (From Egerton, 1996.)



 Chapter 4 Analytical Electron Microscopy 359

of interest under a characteristic peak or even the full spectrum at each 
pixel of a rastered area, it is possible to combine the intensity recorded 
for each element into a map to display the distribution of elements in 
the sample with a resolution appropriate to the experimental condi-
tions and sample thickness. Due to the long recording time at each 
pixel necessary to obtain a statistically signifi cant number of counts at 
each pixel and still maintain a small probe size compatible with the 
spatial resolution of the technique, the acquisition of elemental maps 
with EDXS can take several minutes to a few hours. Examples of 
such maps in the case of semiconductor materials are shown in Figures 
4–69 and 4–74. Although simple unprocessed elemental maps provide 
a wealth of information on the distribution of elements, it is also pos-
sible to extract quantitative information on the concentration of ele-
ments based on the use of ratios of images and the use of k-factor 
analysis. Relative concentration maps for elements A and B can thus 
be obtained by processing the entire image rather than just integrated 
intensities under an energy window. The quantitative concentration 
map can be obtained as ICA/CB(x,y) = kAB[IA(x,y)/IB(x,y)] where kAB is the 
Cliff–Lorimer factor discussed in Section 4.1.1 and IA,B(x,y) are the ele-
mental maps for elements A and B, respectively. Each elemental map 
has a background image (obtained by recording the intensity within 
a window where no characteristic peak is visible) subtracted prior to 
the quantifi cation. The division is carried out pixel by pixel with the 
constant kAB factor.

If absorption is not signifi cant, relative concentration maps are insen-
sitive to changes in thickness. Therefore, although raw elemental maps 
show changes in intensity related to variations in the projected density 

Figure 4–74. Color-coded elemental map of a device showing the distribution 
of elements in the rastered area: red, Al-rich area; blue, Si-rich area; green, Ti-
rich area. White, W. Interdiffusion of Si into the Al is noted through the bottom 
barrier layer containing Ti. (See color plate.)
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of atoms with changes in thickness, the ratio map does not (Figure 4–
75). When absorption is signifi cant, this simple approach fails and 
absorption correction is required. For this correction, the sample thick-
ness must be determined. To deal with strong absorption cases without 
calculation of the absorption correction factor (Section 4.1.2), quantifi -
cation of maps through the ζ-factor approach have been proposed 
(Williams et al., 2003; Watanabe et al., 1996; Watanabe and Williams, 
1999).

The technique makes it possible to circumvent the problem of having 
to determine the sample thickness independently (with intrinsic large 
errors) by calculating the absorption correction composition and the 
sample thickness simultaneously. The ζ-factor relates the intensity and 
composition of a standard sample to the mass thickness for both ele-
ments A and B as

a) Dark field image STEM b) Ni map

c) Cr map d) Cr/Ni map

Figure 4–75. Elemental maps of Ni-based alloy with intergranular product. 
(a) STEM image; (b) Ni map showing the variation of intensity due to thickness 
variations (from the top left corner to the bottom right corner); (c) Cr elemental 
map with similar variations in intensity due to thickness; (d) elemental ratio 
map for Ni/Cr demonstrating the correction of the thickness variations in the 
maps. The intergranular product contains a Cr-rich carbide phase surrounded 
by oxidation product. (See color plate.)
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where IA,B are the intensities recorded for elements A and B and CA,B 
are the concentrations of the same elements. If the ζ-factors are 
determined through measurements of standards of known composi-
tion and thickness via Eq. (66) the concentrations are deduced as 
(Williams et al., 2003)
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Quantitative concentration and thickness maps accounting for this 
effect have been demonstrated (Figure 4–76).

Advanced analysis techniques based on the full processing of the 
spectrum and multivariate analysis make it possible to extract the 
occurrence of the various phases without prior knowledge of the indi-
vidual component phases within the samples. Examples of multivari-
ate analysis at high spatial resolution have been demonstrated in AEM 
(Kotula et al., 2003) following initial developments in SEM (Kotula 
et al., 2001) and earlier work of line profi les by Titchmarsh and Dumbill 
(1996) and Chevalier and Botton (1999). These techniques are particu-

Figure 4–76. Quantitative elemental maps of an NiAl multilayer obtained with the ζ-factor approach. 
The gray scale represents the quantitative information on sample composition including correction 
for absorption. (Reprinted from Williams et al. © 2003, with permission from Elsevier.)
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larly useful for the analysis of segregation at grain boundaries and 
interfacial phases.

6.2 EELS Mapping

6.2.1 Energy-Filtered TEM Mapping
With both postcolumn and in-column energy fi lters described in 
Section 2.4.1, it is possible to retrieve images at specifi c energy losses 
by taking advantage of an energy selected slit. These images can show 
the distribution of elements following the extraction of the background 
from the images. Recent reviews of the technique and the applications 
have been given in Hofer and Warbichler (2004), Verbeeck et al. (2004), 
and Hofer et al. (2000), and we will summarize the approaches here. 
In the basic approach of energy-fi ltered elemental mapping, this extrac-
tion of element-specifi c images can be achieved through two different 
methods: the three-window technique and the jump-ratio technique. 
In both cases, energy-selected images at selected energy losses 
must be taken before the ionization edge and at the edge of interest 
(Figure 4–77).

In the three-window method, two energy-fi ltered images (called 
preedge images) acquired prior to the edge onset are used to extrapo-
late the noncharacteristic background under the edge where the third 
energy-fi ltered image (called postedge image) has been acquired. The 
same power-law extrapolation model used for quantitative analysis is 
used [namely, Ib(E) = AE−r] using the two preedge windows. The ele-
mental map is then obtained by subtraction of the background image 
from the postedge image. Because there are only two images for this 
extrapolation, the resulting error in the intensity of the postedge back-
ground image, and thus the subtraction, can be large. If the intensity 
in the recorded images is low and the background varies steeply at the 
energy loss of interest, spurious images with negative extracted inten-
sity can often be obtained because the variance in the extrapolation 
can be larger than the intensity of the ionization edge. Since the signal 
in the ionization edge is related to the ionization cross section and the 
number of atoms (Section 4.2.1) images represent the quantitative dis-
tribution of elements within the fi eld of view.

The second approach to extract the distribution of elements is through 
jump ratio images. In this case, the postedge image is divided by one of 
the preedge images (generally obtained just before the edge threshold). 
Although these images are not directly quantifi able, they have the 
advantage that the noise is lower (no extrapolation is involved), the 
elastic contrast (due to diffraction, high atomic number, and phase con-
trast) is canceled as it affects both the preedge and postedge images in 
a similar way, and fi nally there is less drift involved as only two images 
are used (and thus a shorter acquisition time) (Verbeeck et al., 2004). 
This latter point signifi cantly affects the spatial resolution of images as 
discussed below. Both methods can be applied with energy fi lters (irre-
spective of whether they are in-column or postcolumn) and also in 
STEM instruments equipped with serial spectrometers allowing the 
acquisition of energy-fi ltered images through an energy-selecting slit. 
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Early serial spectrometers on dedicated VG-STEM and the fi rst serial 
spectrometers from Gatan both equipped with scintillators and photo-
multipliers served this purpose. Parallel spectrometers and imaging 
fi lters equipped with single-channel photomultiplier detectors 
(Krivanek et al., 1994) or a fast array of photomultipliers (developed by 
the Ottensmeyer group in Toronto) (Ottensmeyer, 2004) were also 
developed in prototype systems but were superseded by the develop-
ment of much faster detectors allowing the acquisition of full spectra at 
each pixel of the rastered area as discussed in Section 6.2.2.

In addition to these basic energy-fi ltered TEM (EFTEM) acquisition 
techniques, there have been variants of the three-window and jump-
ratio methods for EELS imaging based on the development of more 
advanced acquisition software controlling the spectrometer, the micro-
scope, and increased storage capabilities in desktop computers. One 
variant is the EFTEM-spectrum imaging method initially proposed by 

Figure 4–77. Various approaches to EFTEM imaging. Zero-loss (ZL) fi ltered imaging (selecting only 
electrons that have lost no signifi cant amounts of energy), plasmon imaging (selecting only electrons 
that have lost energy in the 10–30 eV range), and core loss imaging with the three-windows technique 
(extrapolation of the background under the edge) and the jump-ratio technique. (See color plate.)
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Lavergne et al. (1992) and fully developed as very powerful tools for 
mapping and quantitative analysis by Mayer et al. (1997) and Thomas 
and Midgley (2001a,b). This technique is now implemented in com-
mercial packages from energy fi lter vendors. The method is based on 
the acquisition of an information data cube consisting of a large number 
of energy-fi ltered images with narrow energy windows (from 1–2 to 
5–10 eV) and small step intervals making it possible to cover large 
energy ranges around the edges [in some cases even from 0 eV to the 
characteristic core losses (Thomas and Midgley, 2001b)] so that the full 
information from the spatial distribution and energy loss can be 
retrieved with high spatial sampling (Figure 4–78). If the spatial drift 
of the sample is well corrected in the image stack using automated 

Figure 4–78. Schematic description the energy-fi ltered TEM spectrum imaging technique (EFTEM-
SI). Each image obtained at a given energy loss is part of a three-dimensional data cube containing 
information on the distribution of elements. The technique provides detailed sampling of the spatial 
information with little sampling of the energy loss distribution (energy window widths can vary from 
less than 1 to 10 eV).
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procedures (Schaffer et al., 2004), these datasets have the advantage 
that the background extrapolation can be carried out with much higher 
precision than in the three-window technique. Energy windows as 
small as 0.1 eV have been used on instruments equipped with mono-
chromators and high-resolution fi lters corrected up to third-order 
aberrations (Hofer et al., 2005). Quantitative analysis to extract the 
absolute atomic density and deconvolution of the effects of multiple 
scattering are also possible since the full spectrum is retrievable at 
each pixel (Thomas and Midgley, 2001b). In fact, for each pixel of the 
image sequence the intensity can be measured and a spectrum of 
energy resolution equivalent to the width of the energy-selecting 
slit is deduced. Based on limited sequences of images with narrow 
energy windows (1–2 eV) and selection of spectra at the edge threshold, 
this approach has demonstrated that changes in the near-edge struc-
ture due to variations in the chemical bonding state of elements are 
visible (Muller et al., 1993; Botton and Phaneuf, 1999; Bayle-Guillemaud 
et al., 2003; Hofer et al., 2000). This capability suggests that similar to 
X-ray absorption scanning transmission microspectroscopy (e.g., Hitch-
cock et al., 2005), bonding changes can be visualized with EELS 
mapping, albeit with a spatial resolution typical of EFTEM images (see 
Section 6.2.3).

6.2.2 STEM-EELS Mapping
The other variant of the more advanced EELS imaging technique 
makes use of developments in fast detectors, large storage capacity, and 
fast computers. The approach is based on the use of STEM instruments 
equipped with parallel or dedicated 2D fast detectors. The original idea 
of this technique was proposed by the Orsay group (Jeanguillaume 
and Colliex, 1989) and implemented in subsequent years by various 
groups (Hunt and Williams, 1991; Botton and L’Espérance, 1994; Colliex 
et al., 1994). As for EFTEM spectrum imaging, the STEM-EELS imaging 
is also commercially available from the spectrometer manufacturer 
Gatan. The technique involves the sequential acquisition of an energy 
loss spectrum (acquired with the photodiode array or a 2D detector) 
at each pixel of a rastered area. The fi lling of the data cube (Figure 4–79) 
is thus achieved by scanning the beam over each pixel of the area of 
interest (pixel by pixel in two dimensions or over a line across inter-
faces) with the third (and fourth) dimension in the data cube being the 
energy loss spectrum (energy and intensity).

The advantage of this approach is the availability of the full spec-
trum at each pixel making it easy to implement various data-mining 
approaches. Signals can be extracted with advanced methods, includ-
ing multiple least-squares techniques, and the detailed shapes of the 
near-edge structures can be fi tted with reference standards from dif-
ferent phases. This technique can therefore be used to map changes in 
the chemical bonding environment of atoms in nanoscale structures 
as in EFTEM imaging but with much higher spectral sampling. Through 
the analysis of a single edge and with reference standards, it is thus 
possible to extract the distribution of the individual phases rather than 
just the chemical composition. This powerful technique can be imple-
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mented in one or two dimensions (Figure 4–80) for core loss near-edge 
structure features and also for low-loss features. Using the differences 
in low-loss spectra of various biological structures and ice, Sun et al. 
(1995) were able to map the distribution of the various functional com-
ponents in cells (Figure 4–81). Similarly, for the analysis of polymer-
based materials, the use of low-loss features related to the presence of 
π and π + σ plasmons has been used to distinguish polystyrene and 
polyethylene in composite blends (Figure 4–82) (Oikawa, 2006; Hunt 
et al., 1995).

6.2.3 Quantitative EELS Imaging
If core-loss spectra are combined with low-loss spectra acquired from 
the same pixel, it is possible to retrieve more quantitative information 
on the sample. Hence, deconvolution techniques (Section 8.2) can be 
applied to retrieve the single scattering distribution for accurate quan-
tifi cation (Section 4.2), dielectric function measurements (Section 8.2), 

Figure 4–79. Schematic description of the STEM spectrum imaging technique 
(STEM-SI). For each pixel of the rastered area an energy loss spectrum is 
acquired. Although the spatial sampling is typically lower than in the EFTEM-
SI technique, the spectral sampling is higher with easy recording of the 
near-edge structure features at each pixel.
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a)

b)

Figure 4–80. (a) Application of the STEM-SI technique to determine the distribution of elements 
across interfaces between a high dielectric constant material (Hf-O-N) and Si (STEM annular dark-fi eld 
image, left). EDXS spectra and EELS spectra were recorded simultaneously to extract the elemental 
composition (bottom right profi le). By analysis of the near-edge structure shape of the Si L23 edge and 
O K edge, it is possible to distinguish and map the contribution of pure Si, Si-O-N, and Hf-O-N. 
(Courtesy of M. Couillard, McMaster University.) (b) Two-dimensional phase maps of B nanostructure 
with BN, B2O3, and metallic B separated according to the shape of the near-edge structure spectra of 
the B K edges using the STEM-Spectrum imaging technique and least-squares fi tting of spectra. The 
structure consists of a metallic B core with a thin BN shell and outer thick shell of B2O3. (Courtesy of 
O. Stephan and C. Colliex, University Paris-Sud.)
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e)

Figure 4–81. STEM images and phase component maps in frozen hydrated liver tissue. (a) Low-dose 
dark-fi eld STEM image sectioned sample showing no contrast; (b) bright-fi eld image of the same region 
based on integration of all signals on the spectrum at each pixel of the STEM-SI (the intensity drop is 
due to the variation of beam current during the acquisition); (c) relative thickness map (t/λ), contrast 
is visible on the lipid droplets; (d) water maps and identifi cation of the various biological components 
based on the multiple least-squares fi t of the low-loss spectra with water and protein reference com-
pounds and the amount of water within the structure: L, lipid droplet (zero water content); P, plasma 
(91% water); R, erythrocyte (65% water); M, mitochondria (57% water); (e) low-energy loss spectra of 
the various components differentiating the phases. Bar marker is 1 µm. (From Sun et al. © 1995, 
reprinted with permission from Blackwell Publishing.)
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and the thickness relative to the inelastic mean free path of the sample 
(Section 8.2), and also to implement quantitative statistical analysis 
(Bonnet et al., 1999) to retrieve signifi cant spectral components and 
analyze changes in bonding at interfaces in materials. Thickness maps, 
relative to the mean free path (Section 8.2), can be obtained with the 
EFTEM and STEM imaging approaches by acquiring a zero-loss image 
I0(x,y) and an unfi ltered image It(x,y). Following the approach dis-
cussed in Section 8.2 for the analysis of individual spectra to obtain 
relative thickness (t/λ) values, the ratio of the two images can be com-
bined to give the relative thickness map It/λ(x,y) = ln[It(x,y)/I0(x,y)]. The 
variant of this EFTEM method is to acquire the low-loss spectrum at 
each pixel and process the individual spectra to deduce t/λ at each 

Figure 4–82. Section of polyfi n–polycarbonate polymer composite. The low-loss spectrum of the 
polyfi n (top left) does not show the π plasmon resonance visible on the spectrum of the polycarbonate 
material (top right). The zero-loss image (bottom left) does not show strong contrast between the two 
phases while the π plasmon energy-fi ltered image (bottom right) clearly makes it possible to distin-
guish the regions where the polycarbonate is present. (Courtesy of Dr. T. Oikawa, JEOL.)
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point of an image (see Section 8.2). This information on the sample 
thickness is valuable for the determination of the volume of the sample 
under analysis (hence the volume fraction of particular phases or 
defects), or to determine whether the changes in thickness affect the 
apparent intensity of elemental maps. The thickness information is also 
useful to verify whether the thickness of the sample is beyond the 
critical thickness at which accurate extraction and quantifi cation can 
be carried out (Section 4.2.4). Finally, the thickness information, if 
combined with EDXS maps, can lead to fully quantitative X-ray maps 
accounting for X-ray and absorption corrections.

As in the case of EDXS imaging, elemental maps can also be com-
bined to retrieve fully quantitative concentration maps and deduce 
phase analysis histograms using experimental k-factors or cross sec-
tions (Hofer et al., 1997; Kothleitner and Hofer, 2003). The advantage 
of concentration maps is, as in the case of EDXS mapping, the fact that 
within a range of relative thickness t/λ < 0.5, images are independent 
of thickness as discussed in Section 4.2.4. Diffraction effects due to 
elastic scattering of electrons outside the objective aperture can also 
lead to apparent variations in the intensity of elemental maps and can 
be canceled out using the jump-ratio imaging technique. Concentration 
maps based on the single scattering distribution of energy losses 
obtained after deconvolution of the full spectrum at each pixel show 
that reliable quantitative images can be obtained for thickness up to 
t/λ ≅ 2 (Thomas and Midgley, 2001a).

Another useful technique demonstrating the removal of diffraction 
effects is the use of the rocking beam method during the acquisition 
of energy-fi ltered images. In this approach, the incident electron beam 
is tilted over a cone of angles (of the order of the Bragg angle) so as to 
average out the local diffraction effects including deviations of the 
scattering due to dislocations. Energy-fi ltered images with little dif-
fraction contrast can thus be obtained even in bent and highly deformed 
samples (Hofer and Warbichler, 1996; Hofer et al., 2000) (Figure 4–83). 
Removal of diffraction contrast for qualitative imaging and visualiza-
tion of precipitates in highly deformed samples has also been demon-
strated using ratios of plasmon images obtained at different energies 
(Carpenter, 2004).

Various aspects of optimization of signals for EFTEM and STEM-
EELS maps, including the position of energy windows, automatic 
detection of edges, illumination conditions, and magnifi cation, are dis-
cussed in the work of Kothleitner and Hofer (1998, 2003), Grogger 
et al. (2003), Berger and Kohl (1992, 1993), and Berger et al. (1994). 
Through image analysis of the quantitative maps, it is also possible to 
segment images based on the composition and relative fraction of ele-
ments (Hofer et al., 1997, 2000). Algorithms to allow automatic detec-
tion of edges, for quantitative analysis of phase distributions, for the 
determination of thresholds for phase detection and problematic zones 
in the samples have also been developed with the use of full spectra 
recorded in STEM mode (Kothleitner and Hofer, 2003). Corrections of 
drifts in EFTEM images for quantitative analysis have been discussed 
in detail in Schaffer et al. (2004).
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6.2.4 Spatial Resolution in EFTEM Elemental Mapping
The resolution in EFTEM elemental mapping depends on several 
factors related to the operation parameters of the microscope and the 
energy loss of interest so that further discussion of this topic is required. 
When no angular limiting aperture is present (in imaging the objective 
aperture would be limiting the scattering angles) the dominant factor 
is related to the chromatic aberration term discussed in Section 5.2. For 
general conditions, however, we must summarize the contributions 
that need to be added in quadrature to retrieve the total broadening of 
an object point (Krivanek et al., 1995b).

1. Following the discussion in Section 5.2, the chromatic aberration 
broadening term when a limiting aperture is used can be described 
as

 d C
E

E
c c=

∆
0

β  (68)

where β is the collection angle (limited by the objective aperture in 
imaging mode), ∆E is the width of the energy window used to acquire 
the image, and E0 is the incident energy. This expression assumes that 
images are focused at the energy loss E where the energy window is 
located (rather than at the elastic image) and that the aperture is fi lled 
with the electrons. This assumption is important since, as discussed in 
Section 5.2, the width of angular distribution of scattering can be 
smaller and the contribution to the chromatic aberration term would 

Figure 4–83. Imaging of precipitates in a steel sample. (a) TEM bright-fi eld image of the 10% Cr 
steel with Cr23C6-VN and Nb(C,N) precipitates. (b) EELS spectrum with the Fe-M23 edge. (c) Fe-M23 
jump-ratio image recorded with the rocking beam illumination. (d) Cr-L23 jump-ratio image. (e) V-L23 
jump-ratio image. (f) Nb-M45 jump-ratio image. (From Hofer et al. © 2000, with permission from 
Springer Science+Business Media.)
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be modifi ed. As experimental conditions often impose some conver-
gence in the illumination and the chromatic aberration term is small 
compared to the subsequent broadening terms for low scattering angles 
(either limited by β or θE) this assumption if often assumed to be 
valid.

2. The delocalization of inelastic scattering term b [introduced 
in Section 5.2, Eq. (64)] contributes to the broadening with an energy 
and angular-dependent term increasing at low energy losses and 
low scattering angles (large scattering angles imply a small impact 
parameter).

3. The diffraction limit contribution arises from use of the objective 
aperture and dominates for small angles due to the denominator 
term

 dd = 0.6 λ/β (69)

4. The spherical aberration term ds = 2Csβ3 strongly varies with β 
and is considered to contribute to a uniform background in the image 
and a decrease of contrast when the conditions are optimized for 
minimal chromatic aberration contributions (Krivanek et al., 1995b). 
Egerton’s work (1999) showed that this term is smaller than the chro-
matic aberration term for typical energy windows used for EFTEM 
mapping, but for small energy windows (a few electronvolts wide as 
used, for example, in EFTEM spectrum imaging) the term will domi-
nate the resolution at high collection angles and will need to be included 
in the analysis. Experimental evidence suggests that the term should 
be neglected given the good spatial resolution of energy-fi ltered images 
with relatively large collection angles.

Additional terms affecting the resolution depend on the noise in the 
images (requiring averaging of signals and increase of acquisition 
time), radiation damage of the specimen due to the high doses required 
for imaging at core losses, and instabilities of the sample and micro-
scope leading to drift of the area under analysis during acquisition.

Considering the signifi cant terms added in quadrature it is possible 
to determine the ultimate physical limits to EFTEM mapping resolu-
tion (Krivanek et al., 1995b)

 d2
tot = d2

c + (2b)2 + d2
d (70)

The trends, as a function of collection aperture, suggest that there 
are optimal operating conditions for a given energy loss, energy 
window ∆E, and microscope characteristics (Figure 4–84). When energy 
losses of the order of a few hundred electronvolts are analyzed, for 
small collection angles the diffraction limit term dominates, while 
for large angles the chromatic aberration term is most important. The 
width of the energy window has a signifi cant effect on the resolution 
as it is linearly related to the chromatic contribution. Quite often, 
large energy windows are used to increase the counting statistics and 
reduce the noise in the images. When the energy window is large, the 
choice of the optimal collection aperture is more crucial as the chro-
matic aberration term rises steeply. For modern analytical TEMs oper-
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ating at or above 200 keV, and for lenses with chromatic aberration 
parameters around 1 mm, the delocalization term [Eq. (64)] is not a 
limiting factor for core losses above around 500 eV. For lower energy 
losses, in the order of 100 eV or less, this term can dominate the resolu-
tion limit in theory. Experimental results in the literature, however, 
suggest that the low losses delocalization terms based on Eq. (64) are 
overestimated (Muller and Silcox, 1995; Grogger et al., 2005). For high 
core losses, elemental maps show resolution limits consistent with the 
calculations of optimal values given above (e.g., below 1 nm based on 
Figure 4–84) while for low energy losses (including plasmon losses 
around 10–20 eV), images with a resolution around 1 nm (signifi cantly 
better than the prediction of 4–5 nm) have been obtained (Grogger 
et al., 2005).

Based on the signifi cant contributions of chromatic aberrations for 
EFTEM imaging, the optimal approach to achieve the ultimate spatial 
resolution limits in EELS mapping, as imposed by unavoidable delo-
calization, is to use the STEM approach with small and high-intensity 
probes achievable today on modern analytical electron microscopes. 
With current technology making use of bright electron sources and 
aberration correctors it is possible to focus several hundred picoam-
peres of current into a near 2 Å probe [Sections 2.1 and 2.2 and Chapter 
2 (this volume)].

Examples of chemical analysis with a noncorrected STEM demon-
strate the ability to resolve individual atomic planes of Ca in the 
Bi2Sr2Ca1Cu2O8+δ superconductor (Figure 4–85) and analyze half-unit 
cell defects where the Ca planes are not present, suggesting the exis-
tence of a Bi2Sr2Ca0Cu1O8+δ subunit cell intergrowth.

Figure 4–84. Calculations of the expected resolution in EFTEM elemental 
maps at the oxygen K edge (530 eV) as a function of the collection angle for 
two energy-fi ltering windows of width ∆E = 5 and 20 eV and Cs = Cc = 1 mm 
(at 200 keV).



374 G. Botton

7 Detection Limits in Microanalysis

The very high spatial resolution of both EDXS and EELS results in rela-
tively low detection limits for most elements as compared to “bulk” 
analysis methods. This effect is caused by a combination of factors 
including the small analyzed volumes, the low signals resulting from 
poor effi ciency in signal collection, or/and low incident beam current, 
high background, short acquisition time, and instrumental contribu-
tions. Two quantities characterize the detection limits for EDXS and 
EELS depending on information of interest. The minimum detectable 
fraction (MDF) refers to a dilute element uniformly distributed in the 

Figure 4–85. High-resolution EELS profi le of Ca in Bi2Sr2Ca1Cu2O8-δ based on 
the Ca L23 edge showing the detection of a single plane of Ca in the half-unit 
cell of the structure. The central panel shows a high-angle annular dark-fi eld 
image of the sample. The profi le shows the presence of a half-unit cell defect 
of the Bi2Sr2Ca0Cu2O8-δ phase (where there is a missing plane of Ca) in the 
structure. (Courtesy of Y. Zhu, McMaster University.)
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analysis area and represents the lowest concentration that can be 
detected. The minimum detectable number (MDN) refers to the smallest 
number of atoms that can be detected. This applies to analyses in which 
these atoms are clustered (such as biological molecules containing few 
atoms, atomic clusters, etc.) or very small probes are used and only a few 
atoms of impurity are being analyzed in the interaction volume.

Predictions of the MDF are related to the process of signal generation 
(incident number of electrons, cross sections, fl uorescence yield), col-
lection effi ciency of the detector system (solid angle, detector quantum 
effi ciency, noise), sample characteristics (thickness, scattering outside 
apertures leading to loss of signal, background signal, and signal 
extraction variance), and potential sources of noncharacteristic signals 
arising from the instrument.

The overall principle for estimating the MDF is based on the statisti-
cal certainty of detecting a signal above a background containing some 
noise due to the variance in the background intensity. This detection 
is based on the Rose visibility criterion (Rose, 1970) which states that 
the signal should be three times the standard deviation of the back-
ground (the noise) for reliable identifi cation of the signal as genuine in 
a 98% confi dence level. This criterion ensures that the signal can be 
clearly distinguishable from a simple statistical variation of the back-
ground with a high degree of confi dence. This general criterion is 
applicable in both EELS and EDXS measurements (as in any other 
signal processing method).

7.1 Detection Limits for EDXS

We can describe the evaluation of the MDF for EDXS as follows. Assum-
ing that the noise in the background signal follows a Poisson statistical 
distribution, the minimum detectable signal for element B (IB

min) in 
EDXS measurements is I IB B

bmin ≥ ⋅3 2  where the square root term rep-
resents the variance of the background signal under the peak of element 
B (Ib

B), i.e., the noise (Figure 4–86). Experimentally, the detection limit 
of an element B in a matrix A can easily be determined by using a 
standard of known composition CB and the detected signal IB. The MDF 
is the concentration resulting in a minimum signal-to-noise ratio (SNR) 
= 3, hence SNR I I Istd

C
B B

b
B
bB = − ⋅( ) 2  and SNRMDF = 3 (the SNR corre-

sponding to the Rose criterion and the MDF). This resulting concentra-
tion yielding an SNR = 3 is the minimum detectable fraction:
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If the standard containing element B is not available, we can still 
retrieve the detectable fraction based on a pure element A standard 
using kAB factors (see Section 4) and by assuming that the background 
under the peak of element B (if it was present) is not signifi cantly 
altered when this element is in trace concentration in a sample. In this 
case, we obtain

 C
C I
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 (72)
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where Ib
Ais the background under the peak of element A and CA is the 

concentration of element A (assumed to be 1 if the standard is pure).
From this simple empirical treatment it can be seen that improve-

ments in detection limits (i.e., lower values) can be achieved by increas-
ing the peak intensity (through a longer acquisition time and/or larger 
probe current) and by reducing the background. This latter contribu-
tion is affected by sample thickness, instrument operating conditions, 
and instrumental contributions (discussed in Section 7.2). The general 
treatment required to understand the trends in detection limits is due 
to Ziebold (1967), who related the MMF to microanalysis conditions 
(Goldstein et al., 1986)

 MMF
P P B n

∝
( )

1
τ  (73)

where P is the peak above the background count rate, P/B is the peak-
to-background ratio (with integration of the background defi ned over 
the same energy window as the peak), n is the number of analyses, and 
τ is the acquisition time for each analysis carried out. It is possible to 
increase the peak counts by increasing the electron beam current, the 
thickness of the sample, and the collection effi ciency (larger solid angle 
of the detector) while increasing the P/B ratio by increasing the accel-
erating voltage of the microscope and reducing the instrumental con-
tribution leading to noncharacteristic signals. Although a large fraction 
of the background arises from bremsstrahlung radiation in the sample, 
signifi cant contributions can come from spurious signals arising from 
electrons scattered at high angles (including backscattering), which, in 
turn, generate X-rays within the column. An additional contribution to 
the background arises from hard X-rays generated in the condenser 
lens system—when electrons hit apertures in the optic path—that fl uo-

Figure 4–86. Defi nition of peak and background intensities in EDXS spectra. 
The peak intensity is defi ned with respect to intensities just beside the peak.
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resce X-rays in the specimen area, including the sample holder. Such 
spurious signals are known as instrumental contributions.

As discussed above, increased count rates for a given spot size can 
be achieved through brighter electron sources (Section 2.1) and thicker 
samples, although the latter will also lead to increased undesired con-
tributions (increase in background) and loss of spatial resolution 
(Section 5). Increased total analysis time nτ can be achieved only if the 
sample is stable under the electron beam (due to electron beam damage, 
contamination, etc.) and sample drift is minimal or can be corrected 
via alignment algorithms. A clean vacuum system and clean samples 
are of the utmost importance. Dry pumping systems, bakeable columns, 
clean sample holders always kept in vacuum, and plasma cleaning of 
the samples prior to the TEM sessions are key components of improved 
analytical performance of the microscope and are ultimately as impor-
tant as the quality of the EDXS detector and the microscope. With the 
use of analytical electronic microscopes equipped with small electron 
beams, thin samples, and more recently aberration correctors, it has 
been possible to achieve fractions of 1% detection with subnanometer 
spatial resolution (Figure 4–87) (Watanabe and Williams, 2005a).

7.2 Instrumental Contributions in EDXS

These spurious signals can be minimized by improvements in the 
column, detector, and sample holder designs. For example, a signifi cant 
reduction in hard X-rays generated in the upper part of the column can 
be achieved by using thick top-hat-shaped Pt apertures. These are now 
available in most modern analytical microscopes as part of the selection 
of C2 apertures (some might just be Mo or lighter elements allowing 
transmission of hard X-rays). Good collimation of the detector is also 
important to minimize the line of sight between the specimen and the 
active area of the detector so that X-rays generated elsewhere in the speci-

Figure 4–87. Detection limits reached in modern AEM and various examples 
of performance reached with different instruments. WDS is data obtained 
with a dedicated microprobe (30 keV), AEM (1) 120 keV, AEM (2) 100 keV, LaB6 
instruments, 100 keV FEG, 300 keV (Watanabe and Williams, 1999), and 
aberration-corrected FEG. (Adapted from Watanabe and Williams, 2005a, and 
Williams and Carter, 1996.)
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men chamber area by scattered electrons reaching apertures, the pole-
piece of the objective lens, do not reach the detector (Figures 4–23 and 
4–88). Using small samples (rather than the standard 3-mm disks with 
bulk edges) also minimizes the contributions due to fl uorescence and 
electron scattering (electrons returning back to the sample after hitting 
parts of the column). Finally, the sample holder must be designed for 
analytical purposes (these are available commercially), namely, built 
with light element materials, ideally Be as one of the main components 
in the specimen supporting area, with a Be ring to tighten the sample and 
a design geometry allowing the acquisition of spectra without signifi cant 
tilt of the sample (Figure 4–89). This confi guration leads to minimal 
instrumental contributions so that X-rays generated in the sample have a 

Figure 4–88. Instrumental contributions to the characteristic signals detected 
from the sample. Spurious X-rays are produced by the scattered electrons 
interacting with the microscope components (labeled 1, 2, 4). Spurious signals 
are also produced by hard X-rays generated on the top part of the column 
hitting the sample holder, grid, and other parts of the specimen chamber 
(labeled 5, 6, and 3). Nonoptimal collimation allows X-rays generated other 
than the sample area to reach the detector (compare with Figure 4–23).

Figure 4–89. Sample 
holders for AEM (top) 
JEOL 2010F microscope 
holder and (bottom) 
Philips/FEI CM-Tecnai 
series holder with 
machined grove for 
minimal tilt of sample.
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direct line of sight to the detector without being absorbed (and causing 
fl uorescence) in the sample holder. Sample grids made of Cu (or other 
metals such as Ni or Mo) to support continuous, lacey or holey C fi lms 
where the sample is distributed (in the form of dispersed particles, repli-
cas, or lift-out focused ion beam samples) generate signifi cant spurious 
signals as shown by the presence of peaks of the grid material even if the 
electrons are not directly illuminating the grid. Recently, diamond grids 
have been developed to minimize these contributions when these prob-
lems affect the analysis. In many cases, the selection of the grid material 
can be made judiciously to avoid quantifi cation problems given the com-
mercial availability of several grid materials.

Based on these instrumental considerations, the overall quality of 
the microscope analytical performance can be evaluated with measure-
ments of the “hole-count” signals. By measuring the signal generated 
when the electron beam is directed into the hole of the sample, contri-
butions from the grid, the microscope chamber, and holder can poten-
tially be observed (and identifi ed from the element present) and should 
be, in a good analytical TEM, less than 1% of the signal generated on 
the sample. Quantitative evaluation of the performance can be carried 
out using standard samples of Cr (100 nm thick) and NiO and well-
defi ned tests based on P/B ratios (Williams and Carter, 1996; Egerton 
and Cheng, 1994). Overall, low instrumental contributions lead to 
lower peak-to-background values and improved detection limits. Well-
designed analytical microscopes (Section 2.3.6) and the use of analyti-
cal conditions (correct analytical apertures, sample geometry, tilt) lead 
to signifi cantly improved detection limits.

7.3 EELS Detection Limits

The basic statistical principle for detection of signals used in EDXS (the 
Rose criterion) is also applicable in the case of EELS. The empirical 
approach to estimate the detection limit based on experiments and 
known standards is the same as in EDXS but with additional complica-
tions due to the determination of the noise component arising from the 
extrapolation of the background rather than the simple interpolation. 
The noise, and thus the SNR, cannot be determined based on the 
simple variance of the number of counts at a given energy loss. The 
noise must be estimated directly from a detailed statistical analysis of 
the spectra and the errors related to the determination of the extrapola-
tion parameters (Trebbia, 1988) or simpler approximations of the 
extrapolation error based on the width of the fi tting and extrapolation 
windows (Egerton, 1996).

From fi rst principles, it is possible to estimate the detection limits 
accounting for these statistical effects and physical principles as 
described in detail by Egerton (1996) and Egerton and Leapman (1995). 
The variance of the signal must take into account the error due to the 
extrapolation of the background under the edge and the introduction of 
noise related to the detective quantum effi ciency (DQE) of the spectrom-
eter. The DQE is defi ned (Krivanek et al., 1987; Egerton, 1996) as SNR2

output/
SNR2

input (where the indices “input” and “output” are based on the 
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incident counting statistic and measured statistic, respectively) and 
varies with the number of incident electrons, but, for the purpose of our 
estimations, is assumed constant and not equal to one as generally 
assumed in the case of EDXS spectra. The determination of the 
EELS detection limits must also include the effect of elastic scattering 
reducing the effi ciency of collection of the signals due to scattering 
outside the aperture. Accounting for the detector response, the SNR is 
(Egerton, 1996),

 SNR DQE
I

h I

k≈
⋅ b  (74)

where Ib is the background under the edge, h is an error parameter due 
to the extrapolation, and Ik is the integrated edge intensity. Large fi tting 
intervals close to the edge threshold and small integration windows 
lead to small h parameters (around 5–10), while small fi tting intervals 
further from the edge and large integration windows result in large h 
values (as large as 20–30) (Egerton, 1996). The number of electrons 
causing a signal is related to the dose D [coulomb/(unit area)] and the 
area illuminated by a probe with diameter d as

 I(β,∆) ≈ (π/4)d2(D/e)exp(−t/λe) (75)

where the exponential term represents the loss of electrons following 
elastic scattering outside the collector aperture β in a specimen of 
thickness t relative to the elastic mean free path λe. The background 
signal (Ib) related to the number of atoms of the matrix Nt and the 
number of atoms of the trace element N giving rise to edge signals Ik 
are related to the respective cross sections and the number of incident 
electrons and number of atoms in the volume as

 Ib ≈ NtI(β,∆)σb(β,∆) and Ik ≈ NI(β,∆)σk(β,∆) (76)

Since the fraction of trace element f = N/Nt we obtain
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The MDF is the fraction fmin corresponding to an SNR = 3 (as in the 
case of EDXS following the Rose criterion). This yields (Egerton, 
1996)
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The minimum detectable number quantity is related to the number of 
atoms within the analyzed area corresponding to the minimum detect-
able fraction determined above:
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By calculating the various cross sections (Section 3), detection limits 
can be estimated. Assuming a DQE ≈ 0.5 typical of parallel spectrome-
ters, h = 9, λe = 200 nm, a carbon matrix of 30 nm thickness, based on the 
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expression given above (Egerton, 1996) calculated the detection of Ca 
atoms for a range of doses using 100 keV electrons and hydrogenic cross 
sections. The detection of a few atoms within a 1-nm probe is possible 
assuming the sample can withstand doses of the order of 106 C/cm2. For 
elements with large cross sections (such as L and M lines) detection of 
a few ppm has been demonstrated (Leapman and Newbury, 1993) while 
higher detection limits are possible for K edges and delayed edges of 
elements such as Ag, Au, and S. A signifi cant improvement in the detec-
tion limits is achieved if the spectra are processed using multiple least-
squares analysis of data acquired in spectral-difference mode (see 
Section 4.2.1) where reference data are fi tted to the experimental spec-
trum. This approach results in a much lower signal extraction error 
with h values approaching 1. Detection of single atoms of thorium was 
demonstrated by Krivanek et al. (1991b) and individual Gd atoms were 
detected by Suenaga et al. (2000). More recently, systematic work on Ca 
and Fe containing molecules demonstrated elemental maps with the 
detection of just a few (7–8) base pairs of a DNA molecule under the 
electron beam (within the pixel size) containing 14–16 P atoms and 4 
atoms of Fe in the one single hemoglobin molecule (Leapman and 
Rizzo, 1999) and single Ca atom detection (Leapman, 2003). Experi-
ments demonstrating detection of a few ppm in standard reference 
materials of known composition have been reported by Leapman and 
Newbury (1993), Newbury (1998), and Newbury et al. (2000) (Figure 
4–90). The work assumes detection of the edges based on spectral dif-
ference technique (Section 4.2.1), parallel detection spectrometers, and 
very long acquisition times. These detection limits also assume very 
thin samples, typically t/λ < 0.3–0.5 (see Section 4.2.4). If thicker samples 
are used, the detection limits degrade signifi cantly up to the point at 
which even pure elements would not be detected in samples as a result 
of the increase in the background due to multiple scattering (Section 
8.2) that masks the edges. A summary of the detection limits based on 
the work of Leapman and Newbury (1993; Newbury, 1998; Newbury 
et al., 2000) is presented in Table 4–6.

A detailed simulation package predicting the detection limits includ-
ing the effects of increased background, multiple scattering, and 
angular collection has been developed commercially (available by 
Gatan as the “EELS advisor”) based on the initial work of Natusch 
et al. (1999) and Menon and Krivanek (2002). Applications of these 
simulations are extremely useful in predicting whether elements 
present at low concentration levels in any matrix can be detected and 
in suggesting experimental conditions to detect these elements.

7.4 Comparison of EELS and EDXS Detection Limits

An expression for the detected X-ray signal based on the incident 
current I and acquisition time T can be deduced so that the relative 
merits of EDXS and EELS can be compared (Egerton, 1996).

Following the description given for X-ray signal quantifi cation 
(Section 4.1) we describe the intensity

 Ix = N(I/e)Tωkσkηx (80)
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Figure 4–90. Extraction of signals using the second-difference technique for the detection of trace 
concentration of reference materials in a standard sample (SRM 610 glass from NIST). (Reprinted from 
Leapman and Newbury © 1993, American Chemical Society.) In the raw spectrum nearly all edges of 
trace constituents are not visible. In the second difference spectrum (bottom) the edges of trace ele-
ments are well resolved. Elements Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yn are present 
in the 60–80 ppm range. Sc, Ti, V, Cr, Mn, Fe, and Co are present in the 150–240 ppm range.

Table 4–6. Edge shapes and labels for elements of the periodic table as detectable in EELS 
experiments.
  Edge type (following the Gatan
Detection limit Element and edges chart convention)

10–100 ppm 3d transition metals and preceding
  alkaline earth elements: L edges
  (Ca, Sc,  .  .  .  Ni)
 4f lanthanides and preceding 
  alkaline earth elements M45 edges
  (Ba, La,  .  .  .  Yb)

100–1000 ppm (0.1%) Light elements:
  K edges (Li, Be, B.  .  .  .  P)
  L23 edges(Mg, Al, Si, P, S, Cl)
 4d transitionmetal elements and 
  preceding alkaline earth elements
  L23 edges (Sr, Y,  .  .  .  Rh)

>1000 ppm (0.1%) Ga, Ge, As, Se, Ag, Cd, In, Sn,
  Sb, Te, I, W  .  .  . 
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where ωk is the fl uorescence yield for the particular line, σk is the total 
cross section (integrated over all the angles; see Section 3.4.2), and ηk 
is the collection effi ciency including all the detector components and 
any absorption in the sample.

The relative sensitivity of EELS and EDXS signals can be calculated 
by discussing the ratio of EELS and EDXS intensities
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The ratio of the partial and total cross-sectional term is typically in the 
order of 0.1 (Egerton, 1996), although large scattering angles and energy 
windows (∆ > 50 eV) would tend to include most of the inelastic distri-
bution given the asymptotic behavior of the scattering distribution and 
the cross sections (Section 3.4). The fl uorescence term is the major 
contributor to the greater effectiveness of EELS for the detection of a 
large number of elements in “ideal” samples. For K edges of heavy 
elements with Z > 40 (diffi cult to reach in TEM-EELS experiments 
given their high energy loss), ω approaches 1 (Figure 4–49), but for 
light elements or L edges, it drops very sharply (for K edges it is around 
0.1 for Al, 0.02 for Na, down to 0.001 for B, while for L edges it is less 
than 0.001 for Z < 20). The detector effi ciency term also has a signifi cant 
effect on the relative merit of EELS. The small solid angle of the EDXS 
detector implies that only 1% of the emitted X-rays are collected by the 
detector. Furthermore, low-energy X-rays can be absorbed in the thin 
window and the dead layer of the detector (Section 2.3.2). Due to the 
combined terms of fl uorescence and detector effi ciency, the EELS 
signals are three to four orders of magnitude stronger than EDXS 
signals for light elements while they are slightly stronger for most 
heavy elements. The relative merits are summarized in Figure 4–91. 
The drawback with EELS, however, is not fully accounted for in Eq. 

Figure 4–91. Comparison of the rela-
tive sensitivity of EELS/EDXS detec-
tion limits. Note that the calculations 
assume samples are very thin. 
(Reprinted from Egerton and Leapman 
© 1995, with permission from Springer 
Science+Business Media.)
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(81) due to the strong increase of background with thickness arising 
from multiple scattering. For thick samples, even of pure elements, 
EELS would not show any edge irrespective of the atomic number, 
while EDXS spectra would still show peaks (even for light elements, 
albeit small)! The absence of EELS edges in a spectrum from just a 
sample does not necessarily imply the absence of any elements.

8 Energy Loss Fine Structures

As discussed in the introduction of this chapter, there are fi ne modula-
tions in the structure of spectra that yield useful information on the 
chemical environment of the atoms and the dielectric properties of 
the material. These fi ne structures can be subdivided into three parts. 
The ELNES are modulations appearing in the fi rst 10–20 eV from the 
ionization edge threshold (Figure 4–92). These are now used almost 
routinely to characterize the chemical environment of atoms, including 
the type of phases and valence state.

At higher energy losses (from about 30–50 eV of the threshold up to 
several hundred electronvolts), the extended energy loss fi ne struc-
tures (EXELFS) provide information on the radial distribution function 
of the material [similar to X-ray absorption fi ne structures (XAFS)] 
(Figure 4–92). These modulations arise from the backscattering of the 
ejected electron in the solid and the creation of interference between 
the ejected and backscattered wavefunctions and are particularly 
useful in providing the bond distances in amorphous solids at a nano-
meter scale. Since current applications of the technique in the AEM 
literature are limited we will refer the reader to a good overview of 
this technique in Egerton (1996) and to XAFS literature describing the 
principles of the analysis method.

Finally, the fi ne modulations in the low-loss part of the EEL spectra 
(from 0 to 50–100 eV) also provide a wealth of information on the 
dielectric properties of materials. Quantitative analysis makes it pos-
sible to compare optical spectroscopy measurements to low-loss energy 
loss data and measure electron density using some simple approxima-
tions for metals. Qualitative analysis allows us to use the differences 
in spectra for various materials to map the distribution of phases. 
Given the impact of the ELNES and low-loss spectra in AEM, details 
of these two techniques are presented below.

Figure 4–92. Regions 
and energy ranges for 
the energy loss near-
edge structures 
(ELNES) and extended 
energy loss fi ne struc-
tures (EXELFS) of core 
edges.
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8.1 Energy Loss Near Edge Structure

As discussed in the introductory section of this chapter, ELNES provide 
information on the electronic structure and bonding environment of the 
atoms probed by the incident fast electrons. An example of the informa-
tion is demonstrated in Figure 4–93 showing the relationship between 

a)

b)

Figure 4–93. Relationship between the near-edge structure observed on the 
EELS edges and the unoccupied electronic states. (a) Transitions are observed 
from core levels to unoccupied electronic states above the Fermi level. (b) 
Example of near-edge structure (experimental spectrum) for the C K edge in 
graphite with the relationship between the π and σ orbitals (and the antibond-
ing orbitals π* and σ*) in the hybridized atoms and the related bands in the 
solid.
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the spectrum and the energy states along with examples of near edge 
structures for different compounds (Figure 4–94). The features visible 
in the near edge structure represent the unoccupied energy states as 
modifi ed with respect to a free atom by effects such as hybridization, 
coordination changes, and solid-state effects. The technique therefore 
provides data equivalent to the well-established X-ray absorption near-
edge structure (XANES) spectroscopy carried out in synchrotrons. As 
such, reference data and literature from XANES can often be used to 
identify compounds and understand trends and electronic structure 
effects in ELNES. Examples of changes in the ELNES derived from 
changes in the electronic structure demonstrate the sensitivity to the 
structural environment and the chemical state (Figure 4–94). In addition 
to the changes in the shape of near edge structures, the energy position 
of the edges can vary with the oxidation state in a manner similar to X-
ray photoelectron spectroscopy. Changes in the core energy level and 
the position of unoccupied states can result from charge transfer effects 
due to oxidation, bonding, and coordination changes. Systematic trends 

a)

Figure 4–94. Examples of near-edge structures in (a) various carbon-based 
compounds showing the sensitivity to the structural environment and hybrid-
ization and in (b) Fe-based compounds. (From Garvie et al., 1994.)
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are therefore observed for several metals with oxidation states for both 
X-ray absorption spectroscopy (Chen, 1997) and for EELS (e.g., Mansot 
et al., 1994). Detailed reviews on applications of ELNES can be found in 
Botton (1999), Keast et al. (2001), and Garvie et al. (1994). Examples dem-
onstrating the application of ELNES at high spatial resolution are given 
in Batson (1993), Muller et al. (1999, 2004) and Spence (2005).

At a more quantitative level, the sensitivity of the ELNES to bonding 
can be explained by the general oscillator strength and the form factor 
terms of the partial cross sections (Section 3.3). These two terms are 
dependent on the initial and fi nal state wavefunctions of the interact-
ing electrons and thus contain information on the chemical state and 
electronic structure of the probed atoms as modifi ed in the solid. In 
the dielectric formulation of the cross sections (Section 3.3.1), it is also 
possible to understand how the energy loss spectrum relates to other 
spectroscopy measurements:
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where ε is the dielectric function of the material (Section 3.3.1), which 
can be expressed by its real part ε1(related to the screening process of 

b)

Figure 4–94. Continued
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the electrons) and its imaginary part ε2 (related to the absorption 
process and thus to optical and X-ray absorption measurements). The 
fi rst term in Eq. (82) is general and is related to the kinematics of scat-
tering. It imposes a simple Lorentzian angular distribution to the scat-
tering and the rapid drop in intensity with increasing scattering angle. 
The second term is the loss function, which is related to the dielectric 
response of the solid to an electromagnetic radiation and is therefore 
ultimately linked to the intrinsic properties of the solid. At high energy 
losses (from about 50–100 eV and above) where the screening of the 
incident electron charge by collective effects is not important, ε1 → 1 
and ε2 is small (ε2 << ε1) so that the loss function is reduced to Im(−1/ε) 
= ε2/(ε2

1 + ε2
2) = ε2 and is thus directly related to the absorption part of 

the dielectric function and therefore to absorption measurements. In 
this particular condition and in the one electron approximation, the 
cross section can be calculated based on Fermi’s golden rule describing 
the transition rate of an electron from an initial energy level i described 
by an initial wavefunction ψi of energy Ei to a fi nal level f described by 
a wavefunction ψf of energy Ef
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where we have omitted the fi rst (kinematic) term from Eq. (82) because 
it is independent of the solid state effects. As defi ned in Section 3.3, the 
scattering vector q = k0 − k1 where k0 and k1 are the incident and fi nal 
wavevectors of the incident electron. The exponential operator is derived 
from the Hamiltonian describing the interaction between the incident 
electron, the nucleus, and the atomic electrons in the solid [see Paxton 
(2005) for a detailed derivation of this term]. The sum is carried out over 
all possible fi nal energy states limited by the δ function to ensure the 
conservation of energy in the scattering event so that the energy loss E 
corresponds to the difference in the energies of the fi nal and initial 
states. The exponential operator can be expanded as a Taylor series

 exp(iq ⋅ r) = 1 + iq ⋅ r + 1–2(iq ⋅ r)2  .  .  . (84)

The fi rst term of this expansion is zero due to the orthogonality of 
the initial and fi nal wavefunctions (i.e., 〈ψf|ψi〉 = 0). For most conditions 
used in EELS experiments (i.e., small spectrometer collection angles β 
and edges above around 100 eV), only the term related to dipole excita-
tion q ⋅ r is retained because the scattering angles are small and the core 
wavefunctions are very localized in typical EELS experiments. In these 
conditions, q ⋅ r << 1 leads to what is known as the dipole approximation 
and the second term in the Taylor expansion can be neglected (the 
treatment is thus similar to X-ray absorption spectroscopy). For larger 
scattering angles or/and for very low core losses (the core state wave-
functions are less and less localized as the core energy decreases, i.e., 
the mean radius of the core wavefunction increases), this approxima-
tion is, strictly speaking, no longer valid but it gives a good representa-
tion of the spectra [nonetheless, full calculations with nondipole terms 
are possible with current methodologies (Blaha et al., 2001)]. In the 
dipole approximation, we obtain
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The squared term is the dipole matrix element representing the transi-
tion rate from a core state to a fi nal state. In this condition, the sum in 
Eq. (85) is simplifi ed as
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where ρ(E) is the density of states (DOS) resolved in angular momen-
tum components � (s, p, d, f). In the development of the matrix elements 
of Eq. (85), the decomposition of the wavefunctions in radial and 
angular terms imposes two very interesting effects summarized by Eq. 
(86). The radial part of the matrix elements reveals that for a transition 
to be observed (i.e., M ≠ 0), there must be an overlap between the core 
states and the fi nal state wavefunctions. This implies that the energy 
loss spectra probe the site-dependent electronic structure projected on 
the excited atom. Practically speaking, since the core states are very 
localized, the information is also very local and is not limited just to 
the electron beam illuminated area but is specifi c to the atom type 
excited by the electron beam: different atoms in the same area illumi-
nated by the electron beam will have a different “local” electronic 
structure environment. Second, from the development of the angular 
parts of Eq. (85), the matrix element of a transition from a state of 
angular momentum component � is zero unless the fi nal state is of 
angular momentum � ± 1 as suggested by the subscripts in Eq. (86). 
Hence, transitions will therefore occur for states with a change in 
angular momentum component ∆� = ±1. This implies that if the initial 
state is of s character (� = 0), the transition will occur only to states of 
p character (� = 1). This is observed for K edges where the core state is 
1s. For an initial state of p character (� = 1), transitions will be observed 
to states of s (� = 0) and d character (� = 2). This applies to L23 edges 
arising from the 2p3/2 and 2p1/2 initial states.

The matrix elements therefore allow us to probe the local DOS of each 
element separately by selecting the edge corresponding to the atomic 
number of the element of interest and the edge type (K, L, etc.) accord-
ing to different principal and angular momentum quantum numbers. 
This latter sensitivity is very illuminating since EELS experiments 
allow us to probe not only the unoccupied states but also the atom-site-
specifi c and symmetry-projected density of unoccupied states.

The calculations of near-edge structures using Eq. (86) have been 
demonstrated to be equivalent for XANES and ELNES in most experi-
mental collection conditions respecting the dipole approximation. The 
only difference in the formulation between XANES and ELNES derives 
from the fact that the scattering vector q is replaced by the electric fi eld 
E in Eqs. (84) and (85). The ELNES is therefore an extremely powerful 
probe of the electronic structure of solids with high spatial resolution 
as compared to other valence or conduction band spectroscopies in 
which the entire bands (valence or conduction) are probed irrespective 
of the angular momentum character.
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The calculations based on Eq. (86) with density of states determined 
by fi rst principle methods assume an infi nite lifetime of the excited 
state. To account for more realistic conditions where the decay occurs 
via deexcitation processes, a fi nite lifetime must be considered. This 
can be achieved artifi cially by broadening the δ function with a Lorent-
zian distribution to account for the fi nite lifetime of the excited state, 
the lifetime of the core state, as well as the instrumental function 
accounting for the energy spread of the incident electrons and the reso-
lution of the spectrometer.

The derivation of Eqs. (83)–(86) has been described here very briefl y 
and we refer the interested reader to the work of Fink (1992), Vveden-
sky (1992), Saldin (1987), and Schattschneider and Jouffrey (1995) and 
more recently a review by Paxton (2005) for further details. It is impor-
tant to mention, however, some of the limitations of this description to 
give an idea of what can be expected from fi rst principle calculations. 
First, the one electron derivation of the transition probability is based 
on the “single particle” approach. This simplifi cation assumes that the 
excited state (where there is a hole in the core state and an ejected 
electron) can be represented by ground state wavefunctions (no excita-
tion effects are accounted for). This most important approximation can 
be improved on, in principle, by considering the fi nal state rule pro-
posed by von Barth and Grossmann (1982), which considers the elec-
tronic structure of the system in the potential probed by the ejected 
electron, i.e., with a core hole in the initial level. In spite of this approxi-
mation, the single particle approach is a fi rst useful step in understand-
ing general features in the spectra and in assessing the need for more 
refi ned models accounting for the more realistic fi nal state. For many 
systems including metallic materials and even some insulators where 
the screening of the core hole is effective, this description is successful, 
whereas in others, the interactions between the core hole and the 
ejected electron signifi cantly modify the ground state electron wave-
functions of the solid.

A second limitation is related to the specifi c approaches used to 
describe the electronic structure of the solid. The predictions of the 
DOS are based on the use of density functional theory and the different 
implementations to calculate the electron wavefunctions (for a review, 
see Hébert, 2006). For the most part, electronic structure calculations 
for solids have focused on the description of occupied states and low-
lying unoccupied states. This presents a limitation for the calculations 
of energy loss spectra that probe unoccupied states 10–30 eV above the 
threshold (and thus above the Fermi energy). To simplify the computa-
tion, linear band structure methods are often used (such as linear 
muffi n tin orbital methods and linear augmented plane wave), only a 
limited energy range will be reproduced (5–20 eV from the edge thresh-
old). Alternatives to these techniques are the multiple scattering-based 
techniques such as the Korringa–Kohn–Rostoker method [(used for 
transition metal edges (Botton et al., 1997)], the real space multiple 
scattering technique (Ankudinov et al., 1998), and the pseudopotential 
technique based on the use of plane waves that has produced impres-
sive results at about 40–50 eV above the threshold in diamond (Pickard 
and Payne, 1997).
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In addition to these calculations of ELNES based on band structure 
techniques or real space methods, other approaches must be used to 
deal with systems demonstrating strong electron–electron interactions 
due to the localization of the electrons. For these systems the band 
structure and real space methods fail to describe the spectra and a 
different scheme must be used. For transition metals L edges and rare-
earth M edges, a description based on atomic multiplet theory is much 
more effective in describing the spectra. These techniques include 
solid-state effects by including crystal fi eld and charge transfer effects 
to describe the structural and bonding environment. A full description 
of the methods is given in the excellent reviews by deGroot (1994, 2005). 
Examples of calculations with this technique and a range of other 
methods are shown in Figure 4–95. A description of the hierarchy of 
these methods starting from the molecular orbital approach and mul-
tiple scattering methods can be found in Rez et al. (1995).

In addition, the fl exibility of EELS experiments in the TEM makes it 
possible to tune very effectively and elegantly the scattering vector of 

a)

Figure 4–95. Examples of calculations of ELNES with (a) the multiple scatter-
ing method for the Al K edge in AlN and (b) bandstructure technique: O K 
edge in rutile experiments (dots) and calculations (full line) with abinitio code 
Wien2K. (Spectrum courtesy of P. Tiemeijer, FEI.) (c) Atomic multiplet calcula-
tions of the MnL23 edge in MnTiO3. (Courtesy of G. Radtke, McMaster 
University.)



392 G. Botton

the incident electron using momentum-resolved energy loss experi-
ments to study anisotropic materials. Experiments demonstrating this 
effect in low-loss spectra (Fink, 1989, 1992) and core losses (Radtke et 
al., 2003; Botton et al., 1995a; Jouffrey et al., 2004) and to record inelastic 
scattering distributions (Botton, 2005) can be found in the literature.

Various tools are therefore available to materials scientists and 
microscopists with which to understand and model near edge struc-
tures should the need arise. In many cases of AEM applications, 
however, a detailed comparison of various edges with reference mate-
rials is suffi cient to understand the trends and associate the spectral 
features to bonding bands and materials properties. Databases are 
currently in development allowing users to access libraries of spectra 
from various compounds: http://www.cemes.fr/~eelsdb and http://
people.ccmr.cornell.edu/~davidm/WEELS.

b)

c)

Figure 4–95. Continued
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8.2 Low-Loss Spectroscopy

8.2.1 Fundamentals
At low energy losses (0 to 50–100 eV), the most intense part of 
the spectrum is directly related to the collective response of the 
electrons in the solid to the fast incident electron. The incident 
charges with their associated electric fi eld polarize the medium 
and set up oscillations of the weakly bound electrons of the solid at 
particular eigenfrequencies related to the mass of the electrons and 
their density in the solid. This is analogous to the resonance frequency 
of an object of mass m attached to a spring with spring constant k of 
classical mechanics. The collective behavior of these electrons in a 
solid is best characterized by treating the collective response as 
an effective particle called plasmon oscillating at a frequency ωp that 
results in an energy loss of the primary electron equivalent to the 
energy Ep = h- ωp.

The link between the spectrum, the general oscillator strength, and 
the loss function presented in Section 3.3.1 can be discussed in the 
context of low energy losses. Whereas at high energies (Section 8.1) the 
loss function is essentially determined by ε2, at low energies the screen-
ing of the electrons is very effective and |ε1| becomes much greater (in 
simple metals) than (or is about the same order of) ε2. The loss function 
Im(−1/ε) = ε2/(ε2

1 + ε2
2) must then consider both the polarizability and 

the absorption terms essentially describing the dielectric response of 
the solid to electromagnetic radiation.

Detailed derivations of the models describing the formulation of the 
dielectric response have been reviewed by Schattschneider and Jouf-
frey (1995) and Raether (1980) and only a brief summary is given here 
to explain the most signifi cant features in the spectra and the relation 
to the dielectric response of the medium.

The Drude model is the simplest case that deals with free-
electron metals and the dielectric function of the material. This 
model considers electrons in the solid as free particles interacting with 
the medium via a simple damping term τ describing the relaxation 
time due to friction in the electron gas. The dielectric function then 
becomes
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as the eigenfrequency of the electron plasma oscillation with
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τ is related to the FWHM of the plasmon peaks ∆Ep = h- /τ, m is the 
effective mass of the electrons, ε0 is the vacuum dielectric constant, and 
na is the free electron density and the plasmon energy
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The free-electron model, although very applicable for many sp metals, 
is not realistic for all materials or even all metals. To treat the full range 
of transition metals, insulators, and semiconductors more realistically, 
there must be provision for transitions from various occupied to unoc-
cupied bands in addition to contributions from the free electrons. This 
is done in the Drude–Lorentz model where discrete transitions are 
added by considering independent oscillators having eigenfrequencies 
equal to the transition energies (for example, to account for band-to-
band transitions related to d electrons and interband transitions from 
the valence to conduction band). The expression contains the free oscil-
lators (such as the Drude oscillators) and the “bound” oscillators. The 
dielectric function is therefore the sum over all these oscillators “j”:

 ε ω
ε ω ω ω τ

( ) = +
− −( )∑1

2

0
2 2

e
m

n

i
j

jj
 (91)

where nj is the number of electrons able to oscillate at the eigenfre-
quency ωj.

The presence of oscillators due to interband transitions or low-energy 
edges causes the peaks in the absorption part of the dielectric function 
and generates shifts in the position of the plasmon peaks. Similarly, 
the effect of the plasmon peaks is to shift the apparent energy of the 
interband transitions in the energy loss spectra with respect to the 
energy in the absorption part of the dielectric function. Such shifts 
therefore imply that caution should be taken when interpreting peaks 
in spectra: the position of a peak at a given energy loss E does not imply 
that there is an interband transition with same exact energy E.

8.2.2 Applications
The effects discussed in the previous section, even if not always fully 
quantifi ed in analytical electron microscopy work, can be exploited in 
energy-fi ltered “plasmon” images to identify the presence of phases 
with different electron densities (hence plasmon position) or dielectric 
function. Systematic variations of the plasmon energy as a function of 
the atomic number have been demonstrated in the early work of Colliex 
(1984) (Figure 4–96). Plasmon energies in alloys and metallic hydrides 
as a function of alloying element concentration and hydrogen content 
have been tabulated from various sources in Egerton (1996). This tech-
nique of plasmon measurement has also been applied to study the ratio 
of sp2/sp3 hybridization bonding in C fi lms and the water content in 
biological structures (Figure 4–81) (Sun et al., 1995).

Although a detailed analysis of the low-loss spectra is not yet a 
routine AEM techniques, detailed study of spectra can be extremely 
useful to understand some of the functional properties of materials. 
For examples, the relationship between the spectrum and the dielectric 
properties of solids can help elucidate some local variations of optical 
properties of materials (Turowski and Kelly, 1992; Schamm and Zanchi, 
2003; Mullejans and French, 2000). Such studies make use of some key 
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properties of the dielectric function and, in particular, the Kramers–
Kronig relations (Wooten, 1972) that link the real and imaginary parts 
of the dielectric function with the help of the Kramers–Kronig analysis 
(KKA): if the loss function Im{−1/ε} is known from the measurement 
of a spectrum,1 then Re{1/ε} can be determined by KKA. Based on this 
relationship it is possible to retrieve both ε1 and ε2 and gain full knowl-
edge of the dielectric function of a material (Figure 4–97). Once the 

Figure 4–96. Variation of the plasmon energy for a series of pure elements. 
“x” symbols are experimental values and full circles are theoretical values 
calculated with the free electron model of Eq. (90). (Reprinted from Colliex 
© 1984, with permission from Springer Science+Business Media.)

Figure 4–97. Real and imaginary part of the dielectric function based on 
Kramers–Kronig analysis of energy loss spectra for (a) TiN and (b) VC. 
(Reprinted from Schattschneider and Jouffrey © 1995, with permission from 
Springer Science+Business Media.)

1 To retrieve the loss function from a spectrum, the single scattering 
distribution must be retrieved as demonstrated below.
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dielectric function is known, the results can be compared to optical 
measurements at low energies and can be used to associate peaks to 
features in electronic transitions. One important advantage of the 
dielectric function measurement with EELS (as compared to optical 
techniques) is in the energy range of the measurements. With EELS, it 
is possible to analyze energies up to few hundred electronvolts cover-
ing, with the use of monochromator energies as low as the infrared 
region of the spectrum (down to about 0.5 eV), the visible and the UV 
up the soft X-ray region (few 100 eV). Examples of KKA with EELS to 
study the dielectric function of material is given in Moreau and Cheynet 
(2003) and Launay et al. (2004). Systematic work on the modeling of 
low-loss spectra using fi rst principles and a discussion of the limitation 
of this approach has been presented by Keast (2005).

Another very useful application of low-energy losses is related to the 
strong dependence of the spectra on the thickness of the samples 
(Figure 4–98). As the sample thickness increases, the probability of 
multiple inelastic losses increases. For example, the incident electron 
can excite one or more plasmon losses when traveling in the sample. 
If the mean distance between inelastic losses is λ, the probability of 
multiple loss events n is given by

 P
n

t t
n

n

= ( ) −( )1
!

exp
λ λ

 (92)

If we consider the intensity of the zero-loss peak I0 (corresponding 
to zero plasmon loss events, i.e., n = 0) with respect to the total intensity 
in the spectrum It, we can deduce the probability P0 for n = 0 and

Figure 4–98. Example of the variation of the low-loss spectrum in Al for two 
different relative thicknesses. The increase in thickness (from t/λ = 0.2 to t/λ 
= 2.2) causes multiple plasmon losses visible at energy values of multiple single 
losses (i.e., n times Ep). For broad plasmon peaks, multiple peaks are not well 
resolved. (Courtesy of N. Braidy, McMaster University.)
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This expression is typically used as

 
t I

Iλ
= 

 )ln t

0
 (94)

with the mean free path λ values either tabulated in the literature (for 
a standard collection condition) or based on measurements with stan-
dards of known thickness or local measurements using complemen-
tary techniques (such as convergent beam or contamination spot 
measurements) (Williams and Carter, 1996; Kelly et al., 1975). Measure-
ments of the intensities for It and I0 are based on the integration of the 
spectra over windows as demonstrated in Figure 4–99. The measure-
ments of thickness have been demonstrated to be reliable for thickness 
up to t/λ = 4 (Botton et al., 1995b). Values of the inelastic mean free 
path are dependent on the energy of the primary electrons, the mate-
rial, and the angular collection conditions. Estimates of λ can be 
obtained based on the work of Malis et al. (1988).

The use of a fi nite collection angle β results in scattering outside the 
collection aperture and affects the thickness measurements. For mul-
tiple inelastic losses, the total angular distribution emerging from the 
sample is broader as compared to the single scattering distribution due 
to multiple scattering events and the convolution of the inelastic 
scattering distributions. A fi nite collection angle therefore results in 
loss in collection effi ciency of electrons having lost higher energies by 
multiple events and leads to changes in the apparent mean free path. 
Approaches to convert mean free paths from one aperture collection 
condition to another have been presented by Botton et al. (1995b), while 
iterative methods and computer programs have been developed by 

Figure 4–99. Features used for the determination of the relative thickness t/λ 
according to Eq. (94).
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Egerton (1996). Mean free paths for 100 keV electrons and β = 10 mrad 
are in the range of 115 nm for C, 100 nm for Al, 110 for Si, and 75 nm 
for Fe and have been tabulated in Egerton (1996) and Malis et al. (1988). 
The mean free path can be estimated with some basic assumptions on 
the sample composition if β << (E/E0) where E is the energy loss and 
E0 is the incident energy (so as to satisfy the dipole condition). If these 
conditions are respected, values of mean free paths can be calculated 
using (Malis et al., 1988)

 λ β
β

( ) ≈
( )

( )
106

2
0

0

F E E
E E

m

mln
 (95)

with E0 values given in kiloelectronvolts, λ in nanometers, and β in 
millirad. F is a relativistic factor that can be calculated as

 F
E

E
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+
+( )

1 1022

1 511
0

0
2  (96)

and Em is the mean energy loss in electronvolts. Em can be approxi-
mated as Em ≈ 7.5 Z0.36 without taking into account any contributions 
from changes in density or the crystallographic structure. For com-
pounds containing elements of known atomic fraction fi, a mean effec-
tive atomic number can be calculated by summing over each element 
i as

 Z
f Z

f Z

ii i

ii i
eff =

∑
∑

1 3

0 3

.

.  (97)

so that the effective atomic number Zeff can be used to determine 
the mean energy loss Em. Using the Kramers–Kronig analysis of 
the scattering distribution, the absolute sample thickness can also be 
calculated (Yang and Egerton, 1995) without prior knowledge of the 
sample.

From the recorded spectra containing multiple inelastic losses (e.g., 
Figure 4–98), the single scattering distribution can be retrieved using 
deconvolution methods. These techniques are founded on the principle 
that the recorded spectrum is based on the sum of the single scattering 
distribution, the double scattering distribution,  .  .  .  , the i scattering 
distribution, up to the nth scattering distribution. Each i distribution 
is obtained by the convolution of the single scattering distribution with 
itself i times. This sum of convolutions can be analyzed with Fourier 
techniques to retrieve, from the experimental spectrum containing 
multiple inelastic losses, the original single scattering distribution. 
These methods are available in commercial EELS analysis packages as 
standard functions. In this context, the Fourier-log technique is used 
to process the full spectrum (Egerton, 1996) from zero electronvolts to 
few hundred electronvolts. The analysis of the spectrum to retrieve the 
distribution representative of single scattering is necessary for all 
quantitative work related to the Kramers–Kronig analysis and the mea-
surement of absolute thickness discussed in Egerton (1996) and Egerton 
and Cheng (1987). The additional application of the deconvolution 
method is to remove multiple scattering effects from core loss spectra. 
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The probability of multiple scattering including one core loss and 
plasmon losses increases in thick samples and the effect is visible as 
an increased intensity further away from the edge threshold: the 
spectra appear as a convolution of the low-loss spectra with the expected 
edge profi le (Figure 4–100). These multiple scattering effects must be 
removed by deconvolution methods (in this context using the Fourier 
ratio method) to correctly interpret modulations in the spectra at high 
energy from the threshold. Structures within a few electronvolts from 
the edge threshold, however, are less sensitive to these multiple 
scattering effects.
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5
High-Speed Electron Microscopy
Wayne E. King, Michael R. Armstrong, Oleg Bostanjoglo, and 
Bryan W. Reed

1 What Is High-Speed Electron Microscopy?

Historically, transmission electron microscope (TEM) images have 
been recorded on fi lm using exposure times of a few seconds. The use 
of the TEM, and especially the high-voltage electron microscope, for in 
situ experiments stimulated interfacing of video cameras with the 
microscope column. This enabled capture of frames with millisecond 
exposure times and interframe times of milliseconds and proved to be 
very useful for the study of dynamic phenomena with characteristic 
times that were consistent with the time resolution of the detectors, 
such as dislocation motion in deforming metals.

Many phenomena in chemistry, biology, and materials science 
proceed at rates that are signifi cantly faster than could be captured 
with standard video methods. Figure 5–1 attempts to represent some 
of those phenomena in terms of spatial resolution and time resolution. 
Experimental techniques exist for probing most of this space, but the 
quadrant at high space and time resolutions has proved to be the most 
diffi cult to access.

The chemistry community, which studies phenomena with charac-
teristic time scales of the order of the atomic vibrational period, has 
employed short pulse lasers and optical techniques to study ultrafast 
phenomena. Likewise, X-rays are becoming an important tool for ultra-
fast studies. Recently, ultrafast electron diffraction (UED) has been 
developed with time resolutions approaching that of optical and X-ray 
methods.1–9

Although optical and X-ray methods are powerful, the widespread 
use of TEMs and the accompanying extensive literature demonstrate 
that there are many scientifi c investigations that benefi t from high 
spatial resolution imaging. In materials science, these include observa-
tion of defects in crystalline materials (e.g., dislocations, grain bound-
aries, and heterophase boundaries) in which imaging affords a more 
direct interpretation of the defect structure than does diffraction.

One group has demonstrated the potential of high-speed TEM or 
dynamic (DTEM).10–16 This group has produced an imaging instrument 
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with time resolution ∼3–10 ns10,11 and has demonstrated pump/probe-
train “movie” or nanosecond multiframe operation.17,18 In this chapter 
we review the events leading to the development of the DTEM. We 
then describe the technologies employed in DTEM. Finally, we discuss 
the performance, limitations, and applications and conclude with a 
look to the future of these instruments.

2 Technologies of DTEM

2.1 Anatomy of a DTEM

Figure 5–2 shows a photo of the DTEM that was developed at TU 
Berlin. The instrument in Berlin is based on a Siemens Elmiskop 1A 
constructed in 1961. Several modifi cations, shown in Figure 5–3, were 
required to convert the instrument from a conventional continuous-
wave (CW) mode to an instrument that could carry out pump-probe 

Figure 5–1. Phenomena classifi ed by spatial and temporal resolution. Spatial resolution, is defi ned as 
follows: (1) if the technique is an imaging method, the low end of the bounding box would be defi ned 
by the smallest resolvable feature and the high end by the typical fi eld of view or (2) for a nonimaging 
technique, the bounding box would be defi ned by the range of probe or spot sizes. Time resolution is 
defi ned as that for a single-shot investigation of irreversible processes. So time resolution is defi ned 
as the single-shot exposure time to obtain data that demonstrate a particular spatial resolution. (See 
color plate.)
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experiments. These included the development of a photoelectron gun 
to replace the conventional thermionic tungsten fi lament. This was 
realized by interfacing a laser to the electron-optical column via a 
vacuum feed-through and directing that laser to the fi lament using a 
turning mirror. The photocathode is driven by a Q-switched frequency-
quadrupled Nd:YAG laser (wavelength 266 nm). Using the photoelec-
tric effect, a short laser pulse stimulates the emission of a low-energy 
electron bunch that is accelerated by the high-voltage stage of the elec-
tron microscope. In CW mode, the self-biasing Wehnelt brings the 
electrons emitted at the fi lament to a focus, thus defi ning the object 
plane for the condenser lens system. In the pulsed mode, circuit time 
constants inhibit the self-biasing effect of the Wehnelt, no crossover is 
formed, and the optics are a bit different than CW operation. The pho-
tocathode in the Berlin instrument has been designed so that it can 
operate in either CW or pulsed modes. This facilitates easy electron-
optical alignment of the instrument. Since the electrons are emitted 
from slightly different regions of the cathode in thermionic operation 
compared with pulsed operation, it is essential to be able to align the 
gun in pulsed mode. This is achieved by pulsing the photocathode 
periodically at a rate of several pulses per second, observing the image 
on the digital image capture system (discussed later), and carrying out 
a gun alignment.

Accelerators for TEMs are designed to give smooth electric fi eld 
gradients and stable potentials. The TU Berlin instrument typically 
operates at 80 kV with an accelerating gap of 1 cm. This corresponds to 

Figure 5–2. The DTEM at TU Berlin. Cathode and sample drive lasers are at left. (See color plate.)
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Figure 5–3. TU Berlin dynamic transmission electron microscope. (See color plate.)

a fi eld gradient of 8 × 104 V/cm. When electrons are photoemitted at 
low energy from the cathode, they are most vulnerable to space charge 
effects. It is therefore advantageous to optimize the extraction potential 
at the cathode and the fi eld gradient to minimize space charge effects. 
This may be achieved by using an extraction electrode similar to those 
used in fi eld emission electron guns. The steady-state current limit due 
to space charge in a parallel-plate accelerating gap is dictated by the 
Child–Langmuir law,19 and varies as V3/2/d2, with V the voltage and d 
the distance between the cathode and the extraction electrode. Thus it 
is most effective to have both a large electric fi eld (possibly enhanced 
by surface curvature of the cathode) and a short gap.
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Since the photoemitted electrons will be incoherent, it is not essential 
to have a very small source size. Therefore, it may be possible to spread 
the laser beam across a relatively large area to ensure that suffi cient 
electrons can be generated without damaging the cathode with the 
laser. Of course, the size of the souce will control the size of the smallest 
electron beam spot on the sample. Therefore, there will be a trade-off 
between the region of interest and source size. The source size should 
be adjusted to achieve the desired viewing area and no larger (to mini-
mize space charge effects).

Apertures will play an important role in limiting space charge effects 
in DTEM. The condenser aperture should be removed to maximize the 
electron fl uence on the sample. The objective aperture can be used to 
produce contrast by blocking scattered electrons as is routinely done 
in diffraction contrast imaging. This will decrease the number of elec-
trons in the beam as the beam passes through the projector lens system. 
Alternatively, it is possible to block the main beam and allow the scat-
tered electrons to pass.

In a double condensor lens system common to most electron micro-
scopes, the fi rst condensor will likely be opperated at low or zero excita-
tion to allow as many electrons as possible to pass to the second 
condensor lens. This lens can then be used in conjunction with the 
source size to optimize the illumination area on the sample.

Because of the energy spread in pulsed beams, chromatic aberration 
will limit the obtainable resolution. Thus constraints on the design of 
the objective lens can be relaxed until a need for high resolution arises. 
At that point, an aberration correction may be possible.

The projector lens has the potential to introduce distortion in the 
image if space charge and trajectory displacement effects are signifi -
cant at the numerous crossovers in the projector lens system. For suf-
fi ciently short pulses, a lateral space charge effect could become 
signifi cant at the crossovers.

The time resolution of the TU Berlin instrument is currently 3–10 ns. 
At this resolution, the electron pulse length is controlled primarily by 
the laser pulse length and by the number of electrons in an electron 
bunch required to obtain an image. By making a few simplifi cations 
and assumptions, the number of electrons needed to form an image 
can be estimated. The current state of the art in low-dose TEM applica-
tions in the biological sciences requires an average of about 100 elec-
trons per pixel.20 For a 1 k % 1 k pixel image, this requirement leads to 
107–108 total electrons at the image plane (see Figure 5–4). This number 
of electrons per pulse is currently achieved by the nanosecond electron 
microscope at TU Berlin.11 However, many electrons are lost in the TEM 
condenser lenses. Thus, the number of electrons that is required at the 
cathode may be substantially higher. Other factors that will infl uence 
the number of electrons arriving at the image plane include specimen 
thickness, diffracting conditions chosen for image formation, and the 
size and placement of the objective aperture.

The number of electrons needed to form a diffraction pattern can be 
substantially less than that required for an image. As few as 104 elec-
trons may be needed for the qualitative assessment of a diffraction 
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pattern.20 However, for quantitative assessment, more (as many as 108) 
could be required for improved signal-to-noise ratio (SNR).

It is desirable to have the ability to induce physical changes in the 
sample that can be easily synchronized with the probe electron pulse. 
This has been accomplished at TU Berlin by interfacing a pump laser 
with the DTEM instrument. The pump beam is fed into the column at 
a position above the objective lens and directed to the sample by a 
turning mirror. Using this confi guration, it is possible to bring an ∼20-
µm-diameter pump beam into coincidence with the probe electron 
beam. In the TU Berlin instrument, two different lasers are used for 
pump and probe. This is reasonable for systems with time resolutions 
on a nanosecond scale. At higher time resolutions, unacceptable jitter 
between the lasers will require the use of a single seed-laser with beam 
split into pump and probe beams.

Because of the limited number of electrons per pulse, it is essential 
to have a highly effi cient detector, the so-called “every-electron camera.” 
Space-charge limits on the number of electrons in a short pulse put a 
premium on detection effi ciency. However, because of the large spec-

Figure 5–4. Simulation demonstrating the number of electrons required for a given image quality. 
The original 512% 512 8-bit grayscale image was normalized and taken as the probability distribution 
for the detected position of each independent electron. Binning to a smaller number of pixels would 
reduce the required number of electrons, but at the expense of resolution. Various methods for esti-
mating this (including the one shown here) consistently indicate that 106–108 electrons are needed at 
the detector, depending on the number of pixels and the required contrast. Crystalline diffraction 
patterns require ∼10–100 times fewer electrons because of the concentration of intensity into relatively 
few pixels.
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trum of desired electron energies (keV–MeV) and the disparate require-
ments of imaging and diffraction, it is clear that no single camera is 
ideal for every application. At high energies (>100 keV), phosphor scin-
tillators are preferred (Figure 5–5). Phosphor thickness can be opti-
mized to achieve an energy conversion effi ciency of ∼0.12 (with 
intensifi cation not required).21 Light-scattering effects within the phos-
phor and the various optical interfaces limit system resolution.22 The 
point spread function (PSF) for a detector system composed of phos-
phor on a fi beroptic faceplate is determined by electron and photon 
scattering as well as the numerical aperture (NA) of the fi beroptic plate. 
The next step is to couple the phosphor to the charge-couple device 
(CCD). This is typically achieved using a fi beroptic bundle or lens 
coupling. Fiberoptic coupling is preferred for energies below 400 keV 
because of the high-photon-collection solid angle from the phosphor. 
Because the PSF of the phosphor is greater than the pixel size of typical 
CCDs, taper-fi ber bundles are often employed to improve the PSF/pixel 
size match. However, tapered bundles can exhibit spatial distortions of 
∼2–3% that need to be corrected before quantitative measurements can 
be made from images or diffraction patterns.21 With the availability of 
large CCD chips, 1 : 1 coupling becomes practical. Also, binning of adja-
cent pixels is used to boost the detective quantum effi ciency (DQE).

Finally, to achieve images that follow the evolution of dynamic pro-
cesses, a multiframe movie mode is desirable. Interframe times less 
than a nanosecond are desirable to observe dynamic processes. Cur-
rently, no technology exists that will enable such rapid fi lling and 
readout of CCD cameras. At TU Berlin, movie mode is achieved through 
the use of an electrostatic beam shifter (Figure 5–3). An image-shifting 
capacitor with low inductance leads is used to produce successive 
frames by displacing an image patch across the detector between the 
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Figure 5–5. Directly coupled CCD camera system.
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electron pulses. For multiframe imaging of the specimen, the image is 
confi ned by an adjustable slit aperture in the second-intermediate 
image plane, exploiting the space between the intermediate and projec-
tor lenses. For multiframe diffraction, the diffraction pattern in the 
back focal plane of the objective lens is confi ned with a suitable aper-
ture, and this pattern is as usual transferred with the intermediate and 
projector lenses to the detector.10

The beam shifter is a low-capacitance rectangular plate capacitor 
mounted on a side-entry retractable holder. It was designed to fi t into 
the space between the intermediate and projector lenses. Two blades 
glued onto the plate electrodes at the beam entrance serve as the image 
fi eld-confi ning aperture. The plates of the capacitor are tilted to prevent 
the defl ected electrons from hitting the attracting electrode. The capac-
itor can be axially moved and the distance between the plates varied, 
allowing alignment and fi eld selection. The defl ecting unit is inserted 
at such a location that the second intermediate image can be positioned 
near the fi eld-confi ning slit aperture.

Three-frame imaging is achieved by applying a two-step voltage 
waveform across the capacitor (Figure 5–6). Because the defl ecting fi eld 
is short due to limited space and since the defl ection occurs near an 
image plane, high voltages of several hundred volts are required to 
shift 100-kV electron images. The shifting steps are produced by short-
ing voltages with fast transistor-based switches (Figure 5–7). When 
both switches are open the image is on the left-hand side (Figure 5–6). 
As switch S1 closes, the image is moved to the center. Finally, switch 
S2 closes transferring a positive voltage step via the 6.8-nF capacitor to 
the right electrode, thereby displacing the image to the right side.

A high-voltage radio frequency n-channel metal oxide semiconduc-
tor fi eld-effect transistor and cascaded bipolar transistors (Motorola 
2N5551) driven in the avalanche mode were used as switches. The 
voltage fall times were 2–3 ns. Overshoot and ringing were minimized 
by careful grounding, shielding, and placing of leads avoiding stray 
capacitance, parasitic inductance, and closed loops. In addition, ferrite-
damping beads were suitably distributed along the leads. The switches 
were mounted directly on the holder of the shifting capacitor to avoid 
voltage distortions caused by refl ections and to minimize electromag-
netic interference.

Electromagnetic interference easily was kept below a deleterious 
level using the MOSFET-based switch. But it is rather inconvenient to 

Figure 5–6. Generation 
of voltage steps across 
the image shifting 
capacitor for three-
frames imaging.
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supply the required large gate currents if a high negative voltage is to 
be switched, since gate and source are then at a high potential. In con-
trast, the voltage-triggered avalanche transistor cascades can readily be 
used as switches for voltages of either polarity. Unfortunately, electro-
magnetic interference is pronounced, and it proved problematic to 
prevent two cascades from fi ring simultaneously. For these reasons 
switch 1, handling a positive voltage, is based on the fast MOSFET, and 
the avalanche transistor cascade is used to switch the negative voltage.

2.2 Photoelectron Guns

DTEM requires an extremely bright pulsed electron source. A 512 % 
512 pixel image on the border of usefulness requires ∼106 electrons at 
the detector, while a good image requires ∼108 (Figure 5–4). To obtain 
a usable image in a single shot, this number of electrons must pass 
through the sample region of interest in ∼1–10 ns, which implies a 

Figure 5–7. Fast high-voltage switches. (a) High-power radiofrequency n-
channel MOSFET for shutting down a positive voltage below 500 V. DE275 is 
supplied by Directed Energy Inc. (b) Cascaded avalanche npn transistors for 
switching off a negative voltage of twice the collector-base breakdown voltage 
(about −700 V). The transformer is a high-frequency ferrite ring (40–400 MHz) 
with fi ve windings of strand wire for each coil. The Schottky diodes and the 
100-Ω resistor protect the trigger circuit against voltage steps passed by the 
gain-multiplied collector-base capacitance during switching. The 200-pF 
capacitor holds off the DC high voltage in case of isolation failure.
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current of order 0.01–10 mA. Further, to obtain good results the illumi-
nation spot must be signifi cantly larger than the region of interest, and 
some electrons will have to be thrown away at various apertures. So 
even these enormously high currents may not be enough for some 
applications. To squeeze 10 mA of current into a 1-µm radius spot with 
a 1 milliradian convergence semiangle would require a normalized 
brightness of order 4 % 109 A cm−2 steradian−1 (assuming a typical TEM 
voltage of 200 keV). This is too high a brightness for a thermionic 
cathode (pulsed or otherwise) and too much current for a typical fi eld 
emission gun.23 This brightness is just within reach for a pulsed pho-
tocathode-based system24,25 and the required current can be attained 
by using a somewhat larger emission area than is typical for TEM. 
Beyond this point, signal levels must be traded off against spot size 
and/or convergence angle—or invent a brighter electron source, 
possibly using pulse compression (discussed in a later section). 
Phenomena such as charge trapping26 and space-charge repulsion 
from previously emitted electrons (i.e., the effect that leads to Child’s 
law in the steady-state case)27 may also limit the number of electrons 
in a pulse.

Bostanjoglo et al. report a maximum current of 20 mA in a 20-ns 
pulse at 80 kV with a brightness of ∼2 % 106 A cm−2 steradian−1, achieving 
a factor of 50 enhancement in brightness by operating in a laser-driven 
pulsed mode as compared to a DC thermionic mode.27–29 The energy 
spread was reported as 8.7 eV. Brightness is roughly proportional to 
accelerating voltage in this regime; most of the reported increase of 
brightness with voltage may be attributed to the conservation of nor-
malized brightness, which is ∼6 % 106 A cm−2 steradian−1 for this case. 
Pulsed high-voltage RF photoelectron guns can signifi cantly exceed 
this brightness and current,24,25,30 but at the cost of very high energy 
spreads ∼1% or more, which may limit their suitability for DTEM appli-
cations. An interesting near-future challenge would be to determine 
whether and how to borrow design concepts from the RF guns to 
improve the DTEM sources.30

At any rate, in the DTEM every electron is precious. In static TEM it 
is common practice to block most of the electrons at the condenser 
apertures in order to attain good spatial co-herence and small lateral 
emittance [emittance is, to within defi nition-dependent factors of order 
unity,31 the product of the spot size and convergence angle and is a 
conserved purely geometric quantity in a linear electron-optical system 
at constant voltage with no apertures (Reiser,19 pp. 56ff)]. This allows 
the production of very fi ne spots limited in size primarily by diffrac-
tion and spherical aberration, or of wider spots with very small inci-
dent angular spreads. This enables the familiar “nanoanalytical” and 
“parallel-beam” modes of operation. In the DTEM one will typically 
be electron-starved and will not have the luxury of using a small con-
denser aperture; the instrument performance will necessarily suffer. 
A typical TEM that can attain atomic resolution lattice images and 
subnanometer spot sizes in a static mode will simply not be able to 
do these things in nanosecond pulses with any foreseeable electron 
source.
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2.3 Materials for Photoelectron Guns

The ideal photo cathode should (1) be able to produce high current 
densities of about 1 kA/cm2, (2) be resistant to residual gases in a high 
vacuum (oxygen, water, hydrocarbons, carbon monoxide, and carbon 
dioxide), (3) be tolerant to ion bombardment and thermal spikes due 
to arcing. and (4) exhibit a low work function to relax requirements on 
the driving photons.32

To shift the negative space-charge-induced saturation of the electron 
emission to higher current densities, the accelerating electric 
fi eld should be as high as possible. This increases the chance for an 
electric breakdown between the cathode and the accelerating anode. 
An ion bombardment of the cathode results until the charge of the 
capacitance between the cathode (usually at high negative potential) 
and ground is exhausted. The ions are produced by ionization of evap-
orated anode material and desorbed/disintegrated layers (oxides, 
hydrocarbons, water, air molecules) covering all surfaces in an ordi-
nary high vacuum system. If the capacitance between cathode and 
ground is not small enough a high current arc can develop between 
cathode and anode. The energy of the impinging ion pulse is large 
enough to sputter and heat the cathode substantially. A weak but con-
tinuous ion bombardment derives from electron beam-induced ioniza-
tion of the residual gas. The sputtering and chemical reaction caused 
by these ions are negligible, when the cathode is operated in ultrahigh 
vacuum.

Materials suitable for photocathodes can be divided in semiconduct-
ing and metallic photoelectron emitters in view of their band structure 
and associated current limitation.

2.3.1 Semiconducting Emitters
In semiconducting emitters valence electrons are photoexcited into the 
conduction band. If the energy of the photons exceeds the sum of band 
gap and electron affi nity, some excited electrons tunnel through the 
surface potential barrier and escape to the vacuum. The rest are trapped 
in surface states, increasing the surface barrier. Fortunately, they are 
neutralized by thermionic and tunneling holes from the valence band, 
which restore the equilibrium surface barrier. However, if the photo-
cathode is driven with nanosecond and shorter light pulses of high 
intensity, the number of excited electrons that are trapped can become 
too large to be compensated by the restoring hole currents. The surface 
barrier is then increased, and the extractable charge saturates at a value 
lower than the space charge limit. This surface charge limit effect is a 
characteristic of nonmetallic emitters.26

Cesium-based antimonides, such as Cs2Sb and K2CsSb, are among 
the materials with low work function (about 2 eV).33 But they are 
extremely sensitive to contamination, thermal spikes, and ion bom-
bardment. For a higher work function, about 3.5 eV, there are materials 
that are much more resistant to contamination by residual gases such 
as Cs2Te and GaAs-based emitters.33–36 Their thermal stability is poor, 
however. Providing heavily p-doped GaAs or other III–V semiconduc-
tors with Cs-suboxide surface layers produces materials with a nega-
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tive electron affi nity.34–37 These materials have large quantum effi ciencies 
for spin-polarized electrons, 0.3% for wavelengths of 810–830 nm. The 
heavy surface doping also enhances the restoring hole currents that 
compensate trapped photoexcited electrons, avoiding the surface 
charge limit phenomenon.35–37 Unfortunately, the doped surface layers 
make the negative electron affi nity cathodes again vulnerable to con-
tamination, ion bombardment, and thermal stressing.

In contrast to all the above semiconducting materials, p-doped 
diamond and fullerene fi lms38 are extremely wear and heat resistant. 
The quantum effi ciencies, however, are distinctly lower (about 3 × 10−4 
for 217-nm photons).

2.3.2 Metallic Emitters
Metallic emitters can be subdivided into compounds with metallic 
conductivity and metals.

Rare earth monosulfi des39 and hexaborides,40–42 borides and carbides 
of refractory metals, are examples of compounds with a low work func-
tion and high conductivity.40 The rare earth sulfi des, e.g., CeS, NdS, and 
PrS, are distinguished by very low work functions of 1.1–1.4 eV, high 
melting temperatures of 2400–2700 K, and high resistance to ion bom-
bardment and contamination. Thin fi lms of these materials are readily 
produced by vacuum evaporation. However, their vapor pressure at 
elevated temperatures is substantial, which prohibits thermionic 
operation.

The rare earth hexaborides LaB6 and CeB6 are widely used in thermal 
cathodes. They are thermally more stable than the monosulfi des, but 
they are disintegrated by ion bombardment and have a higher work 
function of about 2.6 eV.

Borides and carbides of refractory metals have even higher work 
functions of 3.0–3.5 eV. But since their melting temperatures are 
extremely high, e.g., 3800 K in the case of ZrC, these emitters readily 
tolerate arcing. In addition, they are not sensitive to contamination and 
can therefore be operated in ordinary high vacuum.

Metals exhibit a wide range of work functions as well as thermal and 
mechanical strengths. Candidates for high-performance photocath-
odes are reviewed by Travier.43 Alkali and alkali earth metals are at 
the low end of the work functions. They are chemically extremely 
sensitive and mechanically and thermally weak. The mechanical 
strength and tolerance to arcing of cathodes based on these high 
quantum effi ciency metals can be substantially increased by implant-
ing their atoms into tungsten or other high melting metals.44 Nonethe-
less, these cathodes remain sensitive to contamination and require 
ultrahigh vacuum.

Rare earth metals have medium work functions of about 3.5 eV. They 
are mechanically strong and high melting metals. But they vigorously 
react with oxygen producing highly isolating oxide layers. Positive ions 
attracted by the negative cathode settle on the oxide layer where they 
produce a high electric fi eld, which in turn triggers a breakdown 
(Malter effect). Accordingly, rare earth cathodes suffer from perpetual 
electric breakdowns when they are operated in high vacuum.
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Most metals with a high thermal and elec trical stability and tolerat-
ing high vacuum have inconveniently large work functions. Zirconium 
is a compromise. This metal combines a medium work function (3.8–
4.05 eV depending on impurities) with a high melting temperature 
(2130 K), and it forms semiconducting suboxides in high vacuum, 
which neither deteriorate the quantum effi ciency nor favor an electric 
breakdown.

The infl uence of impurities on photoemission is very complicated. 
Surface contamination by water, carbon monoxide, and carbon dioxide, 
and hydrocarbons usually poisons photoemitters by producing hydrox-
ide or carbonaceous layers. Oxygen, for instance, can either increase or 
reduce the work function, depending on the material, the emitting 
crystal lattice plane, and the surface coverage. Oxidation of materials 
with a low or medium work function usually decreases photoemission. 
Zirconium is an exception, if oxidation is limited so that only a few 
layers of the suboxide ZrO are formed.45 Water, carbon monoxide, 
carbon dioxide, and hydrocarbon molecules can poison photoemitters 
by producing covering oxides or carbonaceous layers. Alkali and alkali 
earth metals are chemically most reactive and therefore very sensitive 
to the vacuum atmosphere. Cs2Tb is a favorable exception33 as it is rela-
tively unaffected by carbon compounds abundant in conventional high 
vacuum, such as CO, CO2, and CH4. If contamination is an issue, a 
satisfactory lifetime (several hours) can be achieved only at pressures 
below 10−9 mbar.

The choice of a photocathode is a compromise between high quantum 
effi ciency and long stable operation. Having selected the material and 
the driving photon source, being almost exclusively a laser, the genera-
tion of electron pulses with high current densities can be improved in 
several ways:

1. Using a photoelectron emitter with a rough surface enhances light 
absorption, makes use of fi eld-assisted photoemission (Schottky effect), 
and photo-assisted fi eld emission, increases the accelerating fi eld and 
thus shifts the space charge-induced saturation to higher current den-
sities, and provides the correct orientation of many surface elements to 
the electric fi eld vector of the light for a maximum electron yield. 
Depending on the nature and degree of roughness the quantum effi -
ciencies can be increased by a factor of three46 and more.47

2. Producing a small plasma cloud with the driving laser pulse, the 
saturation of the electron current due to negative space charge is avoided, 
and the electron pulse charge is augmented by secondary electrons.27 
However, the pulse is stretched as trapped electrons are released when 
the plasma decays.

3. Ultrashort driving laser pulses provide additional benefi ts. First, 
if the emitted ultrashort electron bunch is shorter than the accelerating 
gap, its space charge fi eld is approximately jτ/2ε0, with j the electron 
current density, τ the pulse duration, and ε0 the vacuum permittivity. 
The current density saturates as this obstructing fi eld approaches the 
accelerating fi eld, at values that may exceed the Child–Langmuir limit 
of stationary space charge by orders of magnitude.48 Second, if the laser 
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pulse duration is shorter than the electron–phonon relaxation time, 
about 10 ps for metals, the electrons can be excited to a high tempera-
ture and be thermally emitted before losing substantial energy to the 
lattice.49

If photoemitters on substrates are to be subjected to elevated temper-
atures, e.g., for continuous thermionic emission to simplify alignment 
and for cleaning and conditioning as in the case of dispenser cathodes,50 
the supporting material should neither disintegrate the photoemitter 
nor produce a low melting eutectic. Substrate atoms rapidly penetrate 
along grain boundaries and eutectic channels to the surface and deteri-
orate the quantum effi ciency if their work function is high.51 In view of 
this, for example, Zr on W or Re is a bad choice, as eutectics exist for 
these systems. However, Zr on Ta works well since these metals have a 
miscibility gap confi ning Ta that reaches the surface predominantly to 
Zr grain boundaries (Figure 5–8). A Zr-covered Ta hairpin emitter can 
be used as a conventional thermionic electron source and as a pulsed 
high- current photocathode, both in a normal high vacuum (<10−4 mbar). 
Electron pulses with a current density of 700 A/cm2 were produced by 
a laser radiation with a wavelength of 266 nm.51

In summary, the quantum effi ciencies (QE) of different less sensitive 
metals are listed with references in Table 5–1 with the exciting wave-
length. Photocathodes used at TU Berlin had a brightness of ∼6 % 
107 A/cm2 sr at 100 kV, a quantum effi ciency of 1.2 % 10−5, and emitted 
photoelectron pulses with current densities of up to 700 A/cm2 from 
an area of 20 µm diameter.10

2.4 Lasers

Two lasers are required in the typical DTEM pump-probe experi-
ment—one each for the cathode and the sample. At TU Berlin, these 
lasers must produce ∼6–10 ns pulses with spot diameters of 20–40 µm. 
This is achieved with Q-switched Nd:YAG and Ti:Sapphire lasers. The 

Figure 5–8. A Zr on Ta cathode after 6 h of operation as a thermionic cathode, 
imaged by scanning electron microscopy with energy dispersive X-ray spec-
troscopy. The bright islands between the Zr grains (dark) are Ta, which has 
penetrated the Zr layer. The quantum effi ciency (4% 10−5 for light with a wave-
length of 266 nm) was not affected.
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Table 5–1. Quantum effi ciencies of less sensitive metals.
 l (nm)

 193 211 213 248 263 266 308 355

 QE (10−5)

Ag  28.4a   2.6a 2.0b

Al  35.9a 84c  2.6a 3.2c  0.034c

Au  16.2a 40c  1.1a 1.3,c 4.7b

Cu 20c 28.6a 15c  0.84a 0.22,c 14a,b  0.016c

Mg      62b

Mo  14.4a   0.49a

Nb 45d   0.3d

Pd      1.2b

Sm   6.8a   0.47a 72b  0.016c

Ta  12.5a   0.94a 1.0b

Tb   8.9a   0.61a 23b

Y  13.9a   1.4a 0.27,c 50b  0.11c

W(K+)        1.2c

W(BaO)      35e 14e 2.3e

W(Ba-Ca-Sr-O)      230d

Zn  24.7a   1.4a 1.4b

Zr      1.0b

Li-Al      60f  10f

a  Anderson T., Tomov I.V., Rentzepis P.M. Laser-driven metal photocathodes for picosecond electron and X-ray 
pulse generation. J Appl Phys 1992;71(10):5161–5167.

b  Srinivasan-Rao T., Fischer J., Tsang T. Photoemission studies on metals using picosecond ultraviolet-laser pulses. 
J Appl Phys 1991;69(5):3291–3296.

c  Chevallay E., Durand J., Hutchins S., Suberlucq G., Wurgel M. Photocathodes tested in the Dc gun of the Cern 
Photoemission Laboratory. Nucl Instrum Meth A 1994;340(1):146–156.

d  Leblond B., Rajanoera G. Photoemission in the picosecond regime from a coated trioxide cathode. Nucl Instrum 
Meth A 1994;340(1):195–198.

e  Leblond B. Short pulse photoemission from a dispenser cathode under the 2nd, 3rd and 4th harmonics of a 
picosecond Nd-Yag laser. Nucl Instrum Meth A 1992;317(1–2):365–372.

f  Septier A., Sabary F., Dudek J.C., Bergeret H., Leblond B. A binary A1/Li alloy as a new material for the realization 
of high-intensity pulsed photocathodes. Nucl Instrum Meth A 1991;304(1–3):392–395.

required pulse energy depends signifi cantly on the application and can 
be as high as ∼200 µJ for driving a pulsed thermionic cathode.29 Fre-
quency doubling and quadrupling is employed to more effectively 
drive the required material transitions. This is especially important for 
the photocathode guns, which require ultraviolet light and are driven 
with a frequency-quadrupled Nd:YAG laser at 266 nm wavelength. The 
laser spots have Gaussian profi les, which affects the spatial uniformity 
of both the sample drive and the cathode emission.

The need for multiple-frame movies (with each frame illuminated 
by its own cathode pulse) complicates the laser situation somewhat, 
especially since different applications may require very different pulse 
delays. The TU Berlin pulsed photocathode can produce single 7-ns 
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electron pulses, but uniformity suffers as the number of pulses is 
increased. This is because of the diffi culty of producing multiple closely 
spaced identical pulses in a Q-switched nanosecond laser system. The 
second and third pulses have durations of 10 and 11 ns, respectively, 
with spacings ranging from 20 ns to 10 µs.52 Producing more than three 
nearly uniform pulses becomes progressively more diffi cult. The devel-
opment of many-frame movies will require that this challenge be fully 
addressed.

3 Limitations

3.1 Time Resolution

The duration of the electron pulse at the sample determines the time 
resolution of the DTEM in a normal imaging or diffraction mode. This 
will be our primary concern in this section. Higher time resolution 
has been demonstrated in a streak mode,53,54 at the cost of having only 
a one-dimensional image available at any given point in time. The 
great majority of the electrons penetrating the sample are lost in these 
cases, but the higher time resolution may be worthwhile for many 
applications.

The electron pulse length is essentially equal to the cathode laser 
pulse length in current instruments. The cathode laser pulses are 
several nanoseconds long, whereas the mechanisms that would further 
degrade the time resolution typically occur on a picosecond scale. The 
time delay between a photon striking the cathode material and a pho-
toelectron exiting is much faster than a nanosecond (streak cameras 
and ultrafast electron diffraction systems would not work otherwise), 
provided the emission is purely via the photoelectric effect. Schafer and 
Bostanjoglo27 reported a pulse duration of 20 ns due to heating and 
cooling of the fi lament and plasma relaxation processes, but this was 
in a laser-driven thermionic source rather than a true photocathode; in 
later work this limitation is bypassed.52 Temporal expansion due to the 
energy spread in the pulse in the initial acceleration region is of order

 ∆
∆
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m E d
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with m and e the electron mass and charge, ∆E the energy spread, d 
the cathode–anode distance, and V the accelerating voltage.55 This 
amounts to a few picoseconds or less for typical DTEM parameters. 
After initial acceleration, the velocity spread is less than one part per 
thousand and again is a negligible source of temporal spread. The 
pulse of electrons is much longer than it is wide—a 1-ns, 200-keV pulse 
will be ∼15 cm in length but a small fraction of a millimeter in diameter 
(depending on lens settings and position within the column). In this 
high-aspect-ratio limit, longitudinal space charge effects can be practi-
cally neglected except near the very leading and trailing edges of the 
pulse. Image charges in the metal walls of the column may interact 
with nonuniformities in the linear charge density to produce broaden-
ing and instabilities,56–58 but it is fairly easy to estimate from the gov-
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erning equations that this phenomenon will have a negligible effect 
over the few nanoseconds that the electrons are in the DTEM column. 
The effect is far more important for large-scale particle accelerators. 
Space charge thus might spread out the tails of the temporal response 
curve but will have very little effect on its FWHM; the pulse is for the 
most part steady state. Timing jitter in laser pump-probe experiments 
is similarly on the picosecond scale or faster. Thus until DTEM pulses 
get into the picosecond range (which is likely to be very diffi cult for 
the above reasons), the time resolution will be controlled entirely by 
the photocathode pulse length.

Picosecond DTEM will also be extremely challenging purely on the 
basis of signal levels. As we have seen, the DTEM is already electron 
starved in the nanosecond regime, so that the optimal time resolution 
is dictated by (1) the required fl uence at the sample, (2) the maximum 
tolerable convergence angle, and (3) the brightness of the electron 
source. Pushing the time resolution to the picosecond range will only 
be possible either with an extremely bright electron source or with very 
unchallenging imaging requirements. It will likely be some time before 
this is accomplished.

In summary, the time resolution for a single shot is dictated by the 
electron fl uence requirements and directly controlled by the photocath-
ode laser pulse duration. What then determines the interframe time 
resolution for a multiple-shot experiment? Single-electron-sensitive 
high-resolution high-dynamic-range cameras with nanosecond readout 
times are somewhat beyond current technology. This means multiple 
shots must be fi t into a single CCD image, which is read out once after 
all exposures are complete. This is achieved with the previously 
described “movie mode,” implemented with a stepped electrostatic 
defl ector system. The minimum interframe time is ∼20 ns, dictated by 
the ring-down time of the high-voltage switching circuitry.

With the principle proven, the problem of producing better movies 
(with more frames and/or reduced interframe times) is a nontrivial 
matter of high-voltage/high-speed electrical engineering. The driving 
system must produce a series of preprogrammed voltage plateaus at 
very precise times with as little ring-down as possible. It needs to be 
fl exible, precise, and as free of parasitic inductance and capacitance as 
possible. Some advantage may be gained by using a more recent TEM 
column design with more than one intermediate lens. Such columns 
offer more degrees of freedom to optimize the “leverage” (displace-
ment at the camera plane per unit defl ection voltage). It may also be 
possible to increase the frame count by using a two-dimensional defl ec-
tor, although this greatly complicates the electrical design problem. 
Ongoing developments in multiframe camera technology59–61 may 
improve the frame counts, particularly if combined with an advanced 
electrostatic frame shifter. Each buffered CCD frame could thereby 
contain multiple images, and the CCD’s interframe time could be much 
longer than the DTEM’s interframe time. This would unfortunately 
force the high-voltage switching system to repeat its performance mul-
tiple times with very little delay, not to mention the challenges in pro-
ducing the required cathode laser pulses. If the engineering problems 
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turn out to be surmountable, we may (although certainly not very 
soon) see DTEM movies with hundreds of frames and interframe times 
perhaps as short as 1 ns.

It is instructive to compare the time resolution in DTEM with that 
of conventional in situ TEM. Conventional systems are typically limited 
to video rate imaging, ∼30 ms per frame. DTEM thus opens up a regime 
of more than six orders of magnitude in time resolution. This advan-
tage is currently offset by the stringent limitations on multiframe 
DTEM movies. DTEM is therefore complementary to conventional in 
situ techniques. Video-rate TEM is too slow to capture many nanoscale 
solid state processes—often a signifi cant part of the dynamics occurs 
between two frames of video.62 DTEM offers an opportunity to help 
fi ll in these gaps of time, provided issues of timing and frame count 
limitations can be addressed.

3.2 Image Resolution

Our present understanding of the spatial resolution limits in DTEM is 
limited, due to a lack of systematic studies on both empirical and theo-
retical fronts. This section must therefore be considered as a sort of 
snapshot of our current state of understanding in a very young fi eld. 
Still, we can make some statements on general principles and identify 
future areas of research.

The stated resolution in the TU Berlin instruments in pulsed mode 
is ∼200 nm52 (in some of the images features as small as ∼100 nm seem 
to be coming through63). This resolution limit is attributed to a combi-
nation of the point spread function of the camera and the SNR limiting 
the pixel size for a given fl uence52 (recall Figure 5–4). Both limits could 
in principle be improved by increasing magnifi cation and reducing the 
illuminated area, but these will incur various tradeoffs. For example, 
time-dependent radiation sensitivity of the sample may limit the 
current density in specifi c cases, so that the practical resolution limit 
may be very strongly dependent on the robustness of the sample under 
the electron beam. Also, the uniformity of the illumination area may 
suffer due to the large beam emittance coupled with condenser lens 
aberrations and nonuniform emission at the cathode.

In any case, if we assume that the sample can survive the required 
fl uence, then the fundamental resolution limit of the machine must 
lie in the electron optics. The ability of static TEM to attain Angstrom-
scale resolution is dependent on several factors including brightness, 
energy spread, objective lens aberrations, the quality of the sample, and 
the faithful magnifi cation of the image by the intermediate/projector 
lens system. All of these may have to be compromised in the DTEM. 
Further, electron–electron interactions including space charge, Boersch 
effects, and trajectory displacement effects64–66 will be much more 
important in the DTEM, with its extremely high currents compared to 
static TEM. The DTEM has at least one advantage, in that low-frequency 
vibrations and high-voltage drift that would harm the resolution in 
the conventional TEM will have no effect on a nanosecond-exposure 
image.
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Let us consider the electron-optical factors in some detail. First, 
consider the need for a bright electron source. As we have discussed, 
high brightness is needed to attain high fl uence with nearly parallel 
illumination. Any angular spread in the condensed beam will tend to 
wash out the high-spatial-frequency information.67 The necessarily 
large emittance of the DTEM electron source will tend to compromise 
this performance. Also, the energy spread ∆E of the electrons will be 
quite large in the DTEM, due most likely to an enhanced Boersch effect 
at high currents.52 ∆E is about 8 eV for the TU Berlin instruments.28 The 
energy spread will interact with the objective lens chromatic aberration 
CC to limit resolution to

 d C
E

E
C C= θ

∆
 (2)

where θ is the angular deviation of the electron path from the optic 
axis.67 If we make the simplifying assumption of normal incidence, 
then θ is related to the feature spacing d via the usual formula

 d = λ/θ (3)

(assuming coherent single scattering and small angles), and this implies 
a chromatic resolution cutoff of order
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In addition, spherical aberration limits resolution to a value of order67

 dS = 0.66(CSλ3)1/4 (5)

This rounds out the list of electron-optical effects that usually limit 
resolution in a conventional TEM.

These effects all interact with one another, and it is best to use TEM 
simulation software (such as Java EMS,68 used here) to understand 
their combined effects. The square root dependence in Eq. (4), for 
example, is very much complicated by beam convergence effects. Con-
sider Figure 5–9, which presents amplitude and phase contrast transfer 
functions for a set of imaging parameters that are similar to those that 
occur in a DTEM. Parameters comparable to the ones used in this cal-
culation were measured28 near, at, or below the sample position and 
thus include all effects that take place in the gun, accelerator, and con-
denser systems. It would appear that atomic resolution (via phase 
contrast, at spatial frequencies ∼3 cycles/nm or higher) will be extremely 
diffi cult, but that it may well be possible to achieve usable contrast up 
to a resolution limit of ∼1–2 cycles/nm, particularly through amplitude 
contrast mechanisms. The rough square root dependence on energy 
spread helps to minimize the impact of chromatic aberration; Eq. (4) 
predicts a cutoff of 1.4 cycles/nm. Spherical aberration [Eq. (5)] predicts 
a roughly comparable 2.1 cycles/nm. The lack of spatial coherence 
(represented in the simulation as an incident angular spread) interacts 
with the other parameters in a complicated way, broadening the CTF 
pass band but signifi cantly reducing its amplitude. Thus it may be 
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Figure 5–9. Phase and amplitude contrast transfer functions (CTF’s) as simulated by the commercial 
software package Java EMS [68] for the following parameters: E = 100 keV, DE = 5 eV (the maximum 
allowed by the software), CS = CC = 2 mm, convergence semi-angle 10 mrad, defocus 105 nm, no objec-
tive aperture. The cross-interaction between convergence angle and aberrations is primarily respon-
sible for the low contrast. Phase contrast will be very weak, however amplitude contrast mechanisms 
should produce reasonable images with better than 1 nm resolution under the assumptions in this 
model. Therefore the effects that limit DTEM resolution must be among those not included in this 
simulation, which was designed for conventional TEM.
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very important to control the convergence angle to obtain a good 
DTEM image. Reasonably high-quality selected area diffraction 
patterns have been achieved in DTEM over areas of some tens of 
micrometers,69 indicating that the convergence angles can be kept to 
reasonable levels.

In short, the estimated resolution limit accounting for all known 
(and measured) effects in the gun, accelerator, condenser system, and 
objective lens would appear to be ∼1 nm, dramatically better than is 
achieved experimentally. This suggests that the limitation is in one of 
the effects not included in conventional TEM simulations; this also 
suggests that if the limiting factor can be identifi ed and eliminated, a 
great improvement in resolution should be possible. The above argu-
ment indicates that the culprit should be either in the sample, in the 
postsample lens systems, or (as indicated in Domar and Bostanjoglo52) 
in the camera (including detection statistics). The balance of this section 
will discuss some of these effects.

Consider the interaction of a very intense beam with a solid sample. 
In conventional TEM, 1 µA would be an extremely high current at the 
sample; this corresponds to roughly 1 electron per 160 fs, with an axial 
spacing of ∼33 µm at 200 keV. Plasmon lifetimes are in the femtosecond 
range, while TEM samples are usually less than 1 µm thick, so each 
electron encounters a sample that has had time to relax since the last 
electron passed through it (apart from heating and radiation damage). 
DTEM currents may be four orders of magnitude larger. More than one 
electron will be in the sample at a time, and at high fl uences each 
electron may encounter multiple previously excited plasmons on its 
way through the material. The theory of electron–sample interactions 
in the electron microscope always makes the one-electron-at-a-time 
approximation. This theory may have to be modifi ed for the DTEM. 
Further, a great deal of energy will be deposited in a region highly 
localized in time and space, which raises the possibility of new radia-
tion damage mechanisms. It is not clear at this time whether and how 
these effects might worsen the image resolution.

The abnormally high currents in the DTEM may also affect the 
behavior of the intermediate lens system, specifi cally through elec-
tron–electron interactions in the intense crossovers. We have performed 
rough estimates of the various effects involved (space charge, Boersch, 
and stochastic particle displacement), following the formalism of Kruit 
and Jansen.65

Space charge effects can change the effective focal lengths and aber-
ration coeffi cients of each of the lenses. Space charge defocusing would 
merely require a readjustment of the lens currents and a possible reca-
libration of the microscope in pulsed mode. The experience at TU 
Berlin suggests that this is not a major issue. Estimating the effects of 
space-charge-induced spherical aberration is somewhat more diffi cult 
and has not yet been performed in detail. Part of the problem is that 
this effect vanishes to fi rst order for a circular beam of uniform inten-
sity,65 so any associated distortions would have to be driven by nonsta-
tistical inhomogeneities in the beam intensity (including those due to 
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the image contrast itself). Little more can be said without extensive 
modeling, but fortunately the relevant models are already well devel-
oped in other contexts.66

The Boersch effect acts to increase the energy spread of a charged 
particle beam by coupling the lateral and longitudinal degrees of 
freedom via statistical electron–electron interactions.64–66 This process 
will saturate when all degrees of freedom are, in some sense, in thermal 
equilibrium. Saturation energy spreads depend on accelerating volt-
ages and convergence angles.66 Rough estimates suggest that this effect 
has adequate time to saturate in the early part of the column, and that 
it may well be responsible for much of the energy spread measured by 
Bostanjoglo et al.28 [a very rough estimate of the saturation energy 
spread based on assumed parameters yields ∼10 eV, compared to the 
measured 8.7 eV, while the original authors used Loeffl er’s formalism 
(validated to within ∼20%)70 to estimate a value of 7.6 eV]. In any case 
it would seem that the maximal effect of chromatic spread would 
already have occurred in the objective lens (with a resolution limit 
∼1 nm), so that it seems doubtful that chromatic aberration in the inter-
mediate lenses is to blame for the observed resolution limit of 
∼200 nm.

This brings us to the trajectory displacement effect,65,66 which slightly 
and randomly defl ects electrons in and near a crossover. Suppose we 
take an intermediate lens with focal length 24 mm forming an image 
of radius 0.1 mm at a distance of 60 mm, with a crossover at 27 mm. The 
divergence angle α0 is therefore 3 mrad. These values might come up 
between the fi rst and second intermediate lenses of a typical TEM in a 
moderate-magnifi cation imaging mode, with an illuminated area of 
1 µm at the sample. Suppose 108 electrons are in a pulse of duration 1 ns, 
for a current of 16 mA at 200 keV. Using the formulas quoted by Kruit 
and Jansen,65 we fi nd that we are in the Gaussian regime, with an 
average random trajectory displacement of 2.2 µm at the crossover and 
an estimated 5 µm at the image plane. The result will be an image blur 
much like what happens in projection electron lithography systems. 
Referencing this displacement back to the sample plane yields a resolu-
tion limit of ∼50 nm due to this crossover alone, assuming that the rest 
of the optical system faithfully transfers this image plane to the screen. 
This is a very signifi cant limitation to the resolution (comparable to the 
quoted resolution limit of ∼200 nm in current instruments52), yet it must 
be taken as only a very rough estimate of the effect in a real TEM 
column. This resolution limit depends strongly on all relevant param-
eters, including the positions, intensities, and convergence angles of all 
crossovers, the positions and degrees of magnifi cation at every image 
plane, and the beam current and voltage. This means that (1) much 
more involved calculations and experiments are required if we are to 
understand if this is truly the resolution limit, and (2) if it is the resolu-
tion limit, then it may be possible to dramatically reduce its effects by 
changing the lens excitations in the intermediate/projector lens system. 
The idea would be to avoid intense crossovers with small convergence 
angles at high-leverage parts of the column. A simple way to test the 
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hypothesis would be to take the same pulsed images with and without 
a small selected-area aperture. If trajectory displacement is the resolu-
tion limit, then when the aperture is inserted the electrons from outside 
the region of interest will no longer be present at the intermediate lens 
crossovers, and the effect should be greatly reduced.

We should also remember that the sample may well be moving, 
rapidly, during the exposure. A phase front or shock wave moving at 
roughly the speed of sound in the material may move several microm-
eters during a few-nanosecond electron pulse. The sample may also be 
distorting from local heating or moving vertically (out of focus) due to 
the effects of the pump laser. These effects must be considered in the 
design of experiments. However this does not appear to be the resolu-
tion limit in the experiments to date; roughly the same resolution is 
obtained in test shots on a static sample.

In summary, the observed resolution limit in DTEM may arise from 
a combination of intermediate crossover interactions, motion blurring, 
and low signal levels, while the effects that limit resolution in conven-
tional TEM would suggest a pulsed image resolution ∼1 nm. Various 
experiments are proposed that may identify the true culprits, while 
some methods of mitigating their effects are suggested. This is the 
present state of knowledge at the time of writing; the near-future evolu-
tion of the understanding of these effects is likely to be rapid.

3.3 Damage

Due to the inelastic scattering of electrons in TEM, a large amount of 
energy (typically some 10s of electron-volts per primary electron) is 
deposited in the sample, and in many cases damage due to energy 
deposition is a limiting factor in obtaining high-resolution images. For 
continuous electron exposure used in standard TEM, damage is lin-
early related to the total radiation dose,71,72 but to fully understand the 
impact of damage on image quality in DTEM, the effects of higher dose 
rate and the time-dependent nature of radiation damage must also be 
considered. At this point, we do not know enough about either of these 
subjects to confi dently predict the damage-related resolution degrada-
tion in a DTEM image. Nevertheless, here we briefl y review what is 
known as a baseline for further investigation.

The consequences of energy deposition for TEM images depend 
strongly on the nature of the sample. Although a wide variety of inor-
ganic and metallic samples can be readily imaged, sometimes with 
very high resolution and contrast,73 damage is the most signifi cant 
limiting factor for imaging less robust samples such as biomaterials. 
Although damage in solid-state material due to direct atomic displace-
ment can be signifi cant at high beam currents,74 typically this is appre-
ciable only for a large integrated number of primary electrons incident 
on the sample and can be avoided (in standard TEM) through the use 
of a primary electron energy that is less than a sample-dependent 
threshold. For a current density of 105 A/cm2 through a carbon fi lm 
sample at between 100 and 200 keV, the sputtering rate is roughly 
10 nm/s.74 Although the instantaneous current density in DTEM could 
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be considerably higher than this (as high as 107 A/cm2 in future instru-
ments), this current density will be sustained only over nanoseconds. 
Assuming the sputtering rate is linearly related to the current density 
(which may not be the case for DTEM), sputtering would be insignifi -
cant for less than millions of shots.

Since the time scale of the electron pulse can be comparable to the 
thermal diffusion time, sample heating is a more signifi cant issue for 
DTEM than standard TEM, but this depends strongly on the sample 
and beam properties. The deposited energy density can be very large. 
For water irradiated by ∼200 keV electrons at a density of 10 electrons/
Å2 (a typical density for cryoEM) in a single pulse, straightforward 
estimates of the inelastic cross section71 result in a deposited energy 
density of about 300 eV/nm3, about 10 eV per water molecule! For a 
Gaussian beam with 1/e radius of 100 nm and 1/e half width of 1 ns in 
water, naively assuming only standard thermal diffusion using room 
temperature constants, the deposited energy density will reach 90% of 
the value it would have with no diffusion. The situation is signifi cantly 
better with the lower heat capacity and larger thermal conductivity 
found in metals. With the same beam properties, the energy density 
in an aluminum sample will reach only 5% of the zero diffusion energy 
density. These results depend strongly on the pulse duration. A pulse 
of suffi ciently short duration (less than 10s of picoseconds for a 100-nm 
radius beam in aluminum) will still overwhelm diffusion within this 
model. At a suffi ciently short pulse duration and electron density, 
sample heating may result in sample melting and lowering the atomic 
displacement energy threshold. Nonetheless, questions remain as to 
the actual state of the material at these early times and high tempera-
tures—it is unlikely that any standard assumptions about thermal 
transport or material stability would still apply.

Biomaterials (such as proteins) are especially ill suited to examina-
tion via TEM due to their native aqueous environment, caustic species 
created in the irradiation of water, low contrast, intrinsic radiolytic 
susceptibility, and the relatively weakly bound tertiary and quaternary 
structures of proteins. The “lifetime” of irradiated protein crystals (i.e., 
the amount of time a crystal may be irradiated until its diffraction 
pattern fades) is a well-documented obstacle75 to high-resolution protein 
structural characterization. Yet, biology would benefi t immensely from 
the ability to effi ciently image proteins at high resolution. Knowledge 
of the detailed functioning of biomolecules and biomolecular com-
plexes is essential to our understanding of the functioning and evolu-
tion of life.76 Here we focus on the imaging of biomaterials, since this 
application has great scientifi c benefi t as well as being very challeng-
ing. Damage mechanisms would be simpler for just about any other 
condensed-state sample.

Specifi cally, how much will damage degrade the resolution of a 
DTEM image over the time scale of the electron pulse? More optimisti-
cally, is it possible to effectively mitigate the effects of damage with 
respect to a high-resolution image by using a short electron pulse? 
Such an idea has already been proposed for imaging with X-rays,77 
where single particle diffractive protein imaging is thought to be 
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possible using a 10-fs duration X-ray pulse. Although pulsed imaging 
ultimately results in the destruction of the sample, the idea is to 
obtain the image before damage has signifi cantly distorted the 
structure being imaged. An incidental, yet highly benefi cial product of 
this scheme is the ability to time-resolve structural changes, enabling 
the direct visualization of nanobiostructural dynamics—a molecular 
movie.9

An analogous imaging scheme using electron pulses presents both 
advantages and challenges. Electrons deposit much less energy per 
inelastic scattering event than X-rays: less than 50 eV per event for 
electrons71 versus approximately 10 keV for X-rays, and the ratio of 
inelastic to elastic scattering events is roughly a factor of three smaller 
for electrons.9 This results in about 600–1000 times less energy depos-
ited in the sample per unit signal for electrons compared to X-rays. 
Furthermore, electrons scatter with 104 greater probability than X-
rays, allowing imaging with a much lower electron density. Yet, elec-
trons are electrically charged fermions, which (as discussed in the 
sections on photoelectron guns and resolution) limits the fl uence at 
the sample and both the spatial and temporal resolution. The chal-
lenge of pulsed electron microscopy will be to obtain a pulse of suf-
fi cient quality and electron density to obtain a high-resolution image, 
which is also short enough to avoid damage to the sample during the 
pulse.

Hydrodynamic modeling of single particle diffractive imaging 
with electrons (in analogy with the X-ray method above)78 indicates 
that 4 Å resolution is possible for a molecule of 10 nm radius with 
100 keV electrons at a density of 107 electrons/(100 nm)2, with a pulse 
width of 2 ps. Using the same model for the X-ray case and suffi cient 
photon density to achieve the same resolution, an X-ray pulse of 2 fs 
is required. These results are reasonably consistent with expectations, 
giving a difference in the maximum acceptable pulse length of 1000, 
exactly the ratio of deposited energy per unit signal between the X-
ray and electron cases. These single particle models consider “naked” 
molecules only where the damage mechanism is Coulomb explosion. 
For the X-ray case, damage by this mechanism is the result of 
ionized electrons exiting the sample and leaving a net positive charge, 
resulting in rapid sample distortion due to electrostatic repulsion. 
Charging is much less severe for an electron probe due to the much 
lower kinetic energy of ionized secondary electrons. Also, it is likely 
that damage will occur on a slower time scale in solution, where the 
dispersion of molecules will be impeded by the presence of solution 
and secondary electron transit will be signifi cantly reduced, resulting 
in less charging. In this case, the primary damage mechanism may 
be radical chemistry and diffusion, rather than Coulomb expansion. 
Although a 2-ps electron pulse width is probably beyond the capabil-
ity of DTEM using standard electron guns, sub-100-ps pulse widths 
are not inconceivable at the required electron density. Attaining the 
necessary spatial and temporal coherence for diffractive imaging 
using such a pulse will probably be very diffi cult but perhaps within 
the reach of foreseeable improvements in electron gun technology. 
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Although atomic resolution may be challenging, electron gun modi-
fi cations to shorten the pulses into the 10s of picoseconds may well 
allow very effi cient imaging of protein complexes at suffi cient resolu-
tion to signifi cantly contribute to our understanding of their struc-
ture and dynamics. Furthermore, the RF accelerator community is 
aware of the potential for ultrashort, high brightness electron guns 
in electron microscopy.30 Such sources do not currently exist, but if 
these were developed, they could very signifi cantly improve our 
ability to rapidly image biomolecules.

Currently, there is very little information directly concerning biosa-
mple radiolysis damage at the very high current densities that will be 
found in DTEM. Although simulations such as those described above 
can provide us with some insight into the damage process, they do not 
consider the effect of an aqueous solution surrounding the sample. It 
is likely that a surrounding solution will signifi cantly alter the damage 
process and may impede the physical diffusion of a damaged biosam-
ple long enough to obtain a high-resolution image with an electron 
pulse that is longer than 2 ps. Given the available information, it is 
diffi cult to speculate. Nonetheless, here we attempt to approach the 
problem based on what is known.

First, we consider standard TEM. In some cases, the diffi culty in 
imaging biomaterials may be overcome with standard TEM via any 
of three strategies, which all depend on the mitigation of damage: 
increasing sample contrast (via, for example, staining), increasing 
the sample damage threshold (as in cryoelectron microscopy75), or 
reducing the dose per unit sample (as in diffraction and cryoEM) 
with signal averaging over many samples. Of these techniques, 
cryoEM most closely approximates imaging of biosamples in a native 
environment, since this method does not require contrast enhance-
ment. In cryoEM, a sample is fl ash frozen such that the embedding 
ice is vitreous rather than crystalline.79 This minimally distorts the 
sample and reduces diffractive background signal in the image. In 
addition, cooling of the sample to cryogenic temperatures increases 
the radiation tolerance by factors of thousands75 with respect to 
image-manifested damage. Although irradiation may have caused 
the conditions under which sample damage would occur, the physi-
cal diffusion that would make this apparent in an image does not 
occur when the sample is frozen in place.74 This result indicates that 
molecular diffusion, and temperature and phase-dependent chemi-
cal reactions play a role in damage,74,75 and that damage resulting 
from direct atomic displacement is insignifi cant at the doses (1–10 
electrons/Å2) used in cryoEM.

To further establish the relevance of diffusion in damage, an early 
time diffusional dependence is indicated by electron energy loss exper-
iments that demonstrate an orders of magnitude increase in the damage 
threshold with reduced excitation volume at equivalent or greater irra-
diation density. Varlot et al.80 observed a change in damage threshold 
of 104 between a 100 nm and 0.7 nm radius cylindrical excitation volume 
irradiating polymers. Their analysis did not attribute the change in 
damage threshold to temperature effects and they speculated that dif-
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fusion of damaged molecules (e.g., free radicals) might explain the 
effect. Siangchaew et al.81 also observed a substantial increase in the 
damage threshold of polyethylene using a small electron probe. They 
speculate that the increase in damage threshold is due to fast second-
ary electrons (of energy >50 eV) exiting the 100-nm-diameter probe 
region. These electrons create damage collateral to the probe region, 
but leave the probe region relatively pristine. Egerton et al.74 disagree 
with this interpretation, asserting that (for polyethylene) the number, 
range, and energy of fast secondary electrons (FSEs) should result in 
75% of the FSE energy being deposited within 2 nm of the probe beam. 
Slow electrons have longer mean free paths and may exit a small probe 
region,82 but it is not known how damaging these low-velocity elec-
trons would be to organic samples.

Diffusion also plays a primary role in radiolysis damage. In an 
aqueous environment, radiolysis damage is complex and involves 
many disparate processes. The physical excitation of secondary elec-
trons through inelastic scattering is followed by electron thermaliza-
tion and diffusional transport, and trapping occurring over a time 
scale on the order of 1 ps, along with the initial generation of radicals. 
This is followed by equilibrium with nuclei, which occurs in a few 
picoseconds. At longer time scales, chemistry begins to occur. Ioniza-
tion and energy deposition in the fi rst stage result in a transient dis-
tribution of radicals and other species (including H+, OH, eaqu, and H2O2 
in water), which then diffuse and react with solutes and each other, 
reaching a homogeneous chemistry limit within micro- to millisec-
onds.83,84 With respect to solute interactions, pulse radiolysis studies 
indicate that the primary damage mechanism in DNA is attack by 
radiation-created hydroxyl radicals85 and based on simulations, the 
time scale of this process is thought to be hundreds of femtoseconds,86 
assuming low deposited energy density.

These data seem to indicate that the time scale for image manifested 
damage of a biomolecule in aqueous solution would be no faster than 
a few picoseconds, possibly much longer. Nonetheless, these data do 
not directly address the question. Although pulse radiolysis studies 
have provided a signifi cant amount of information,87 this information 
generally concerns the time domain behavior of irradiated water (cf. 
time domain spectroscopy) and stoichiometric chemistry. Such data 
and corroborating simulations83,84 can be used to aid in the understand-
ing of the diffusion of energy and radiolytic species in water, but ulti-
mately they do not tell us about structural damage in solutes, 
particularly within a few picosecond time scale. More specifi c experi-
mental studies of biomolecules such as DNA address damage, but 
again, this typically provides information regarding the chemistry of 
damage (typically via radiation-induced radicals) and the functional 
viability of irradiated molecules without reference to detailed 
structure.85,88 Furthermore, the energy deposition used in pulse radi-
olysis studies is much lower (∼10 Gr)89 than what is used in TEM 
(>107 Gr),75 and the excitation volume in TEM is correspondingly much 
smaller. As a result, transport and relaxation of secondary electrons71 
and high-dose rate effects90 will probably play a signifi cant role in the 
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damage process in DTEM. These issues are not as signifi cant for con-
tinuous irradiation in conventional TEM since thermal diffusion occurs 
on a faster time scale than the average time between electrons tran-
siting the sample. The instantaneous energy density in the DTEM will 
be much higher, and these data do not provide information in this 
regime.

Finally, we note that there is actually some empirical evidence that 
damage will be signifi cantly reduced by the use of pulsed electron 
exposure. Fryer91 observed damage thresholds of 90–100 e/Å2 using 
10- to 100-ms pulses to image monolayer fi lms of aromatic hydrocar-
bons. Using continuous exposure, the damage threshold for these 
samples was 3–4 e/Å2, comparable to the damage threshold for proteins 
in cryoEM. This 22–25% improvement was observed for much longer 
pulses than we will use in the DTEM and points in the direction of 
trying even shorter pulses.

Unfortunately, no currently available data directly address the ques-
tion of resolution smearing in DTEM due to damage from short pulses 
of electrons. As far as damage is concerned, currently available simula-
tions and empirical results do not unambiguously exclude the possibil-
ity of molecular bioimaging with short electron pulses, but they do not 
clearly indicate that it is possible, either. As with many aspects of 
DTEM, the development and use of the instrument will ultimately 
provide these answers.

4 DTEM Applications

We include a brief historical review that attempts to put electron 
imaging in the context of work on electron diffraction. For the 
purpose of this discussion, we limit the review to time resolutions of 
micro seconds or less. Figure 5–10 provides a summary. In the mid-
1970s, Bostanjoglo et al.16,92 developed a technique to produce strobo-
scopic images in TEM using beam blanking. In these pump-probe 
studies, ultrasonics were used to pump samples that were studied 
stroboscopically. This led to a number of papers studying fast 
transitions.93–101

Stroboscopic diffraction studies were carried out in the early 
1980s.102–104 Real-time gas-diffraction experiments were reported in 
1984.105 The fi rst picosecond time-resolved structural studies in the 
solid state occurred in the early 1980s with a streak camera used as the 
basis of a diffraction instrument.1,3 This led to the fi rst picosecond time-
resolution observation of a phase transition in Al.2 In the late 1980s, 
pulsed photocathode,106 multiframe movies,107 and dynamic imaging 
were demonstrated at TU Berlin.108 In the 1990s there was work in gas-
phase energy transfer,109 superheating of lead, and structural dynam-
ics.110 The techniques were applied to complex transient phenomena 
including dynamics of cyclohexadiene,6 photo-dissociation,111 direct 
observation of ultrafast thermal lattice expansion (Ag) on picosecond 
time scales,112 melting of amorphous Si,7 phase explosion in metal 
fi lms,113 and melting of Al.114
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TEM with high time resolution began at TU Berlin in the 1970s with 
stroboscopic imaging of periodic processes using a periodically 
defl ected electron beam.16,115 In this confi guration, time resolutions of 
200 ps were achieved for periodic processes up to 100 MHz.116 This 
technique was applied to ultrasonically driven disruption of crystals 
and magnetoelastic effects92,115 and magnetic-fi eld-induced oscillations 
of the domain magnetization, of domain walls, and of their substruc-
tures.98,116,117 After 1980, the instrument was modifi ed to study nonpe-
riodic processes. That instrument operated in three modes:

1980s1970s 1990s 2000s

Melting of
Si (few ps)7

Stroboscopic
electron 
microscope 
(200 ps)16

Superheating
of  Pb (200 ps)140

Multiframe
"movie" (<10 ns
with 25 ns frames)107

Photoreaction in gas 
phase (few ps)139

Photo-
dissociation
(few ps)111

Time-resolved
RHEED (200 ps)141Stroboscopic

time-resolved
LEED (10 ns)103

Stroboscopic
time-resolved
diffraction (100 s)104

First time-resolved
pump-probe 
diffraction (20 ps)2

Pulsed cathode
TEM (20 ns)15

Reflection
microscope (20 ns)14

Gas phase energy 
transfer (15ns)109

First dynamic
TEM images (20 ns)15

Melting of  Al
(600 fs)114

Dynamics of
cyclohexadiene
(few ps)6

Electron diffraction
of  Al (100ps)1

"Real-time"gas 
diffraction
(16 ms)105

Stroboscopic
time-resolved 
electron diffraction 
(100 ns)102

Direct observation of  
lattice heating and 
diffusion (Ag) on ps 
time scales (<400 fs)112

Structural 
dynamics
 (1.4 ps)110

Phase change in 
clusters (1 s)142

Phase explosion in 
metal films (3 ns)10

Figure 5–10. Timeline showing the parallel development of ultrafast electron diffraction and DTEM 
technologies.
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1. Selected-area image-intensity streaking provided time resolution 
of 3 ns and selected areas ≥500 nm.94 This was applied to studies of 
electron94,95,99 and laser-induced118,119 crystalli zation of metals and semi-
conductors, thermo capillary oscillations,53,120 and solidifi cation of laser-
induced melts.53,69,120

2. Streaked imaging was used to study solidifi cation,53 fl ow,53,121,122 
and evapora tion121,122 of laser-pulsed samples.

3. High-speed imaging and three-frame movies with temporal/
spatial resolutions of 10 ns/200 nm, interpulse spacing >20 ns,10 and 
diffraction with time resolution of 10 ns were demonstrated.10

Several techniques were employed to achieve the high time 
resolution, including gating the electron detector,108,122,123 rapid 
beam blanking,124 laser-induced thermal emission,27–29,69,125 and fi nally 
laser-induced photoemission.10,126 Nanosecond time resolution 
studies, using the photoemission source, were carried out on hydro-
dynamic instabilities caused by chemocapillary, thermocapillary,127 
and mechanical stresses.128 Phase explosion and plasma formation 
of highly superheated metals were studied at the same time 
resolution.113,129

5 Future

5.1 Improving Time Resolution

5.1.1 Pulse Compression
To recap, the electron pulse duration at the sample is equal to the 
single-shot time resolution of the DTEM. At present this is essentially 
equal to the cathode laser pulse duration and is dictated by the exper-
iment’s fl uence requirements and the electron gun brightness. However, 
many methods exist for longitudinally compressing an electron pulse, 
many of them having been developed by the accelerator community 
for high-voltage RF electron guns. These involve passing the pulse 
through specialized elements such as a microwave cavity operating 
at a carefully chosen phase,58,130,131 or static magnetic fi elds in a 
chicane,132–134 α,135 or other pulse-compressing136 arrangement. These 
devices are routinely used to compress multimegavolt pulses of ∼1010 
electrons down to picosecond or shorter durations, with normalized 
emittance values ∼1 µm radian and ∼1% energy spreads. The desired 
DTEM parameter space is very different, of order 200 keV, 108 electrons, 
less than 0.1-µm radian emittance, and an energy spread of order one 
part in 105. Signifi cant work will be required to adapt the technology, 
pos sibly involving fundamental redesigns and entirely new ideas for 
pulse generation and compression. The outcome of research in the 
infant fi eld of DTEM pulse compression is quite impossible to predict 
at this time; future DTEM electron guns might look almost nothing 
like the current designs. Pulse compression may be the only way to 
dig deeply into the subnanosecond regime, however. Without increas-
ing the effective brightness of the electron source by crowding the 
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electrons into a shorter pulse, there are many measurements (requiring 
a combination of high fl uence, small convergence angle, and high time 
resolution) that will simply be impossible.

Even then, there will be fundamental limits. Electrons are fermions, 
and can be compressed to a fi nite density only in six-dimensional 
phase space.64 The best electron pulses produced to date are still 
roughly four orders of magnitude short of this quantum degeneracy 
limit, as they have been for decades.64 Passive transformations to the 
electron pulse (e.g., acceleration, lens action, and most compression 
methods) can change only the shape of the phase space envelope, and 
not its density64 (also see Reiser,19 pp. 62ff). Thus every compression 
method that does not actually refrigerate the electron pulse will involve 
trading off one design parameter against another.

5.2 Relativistic Beams

An alternate method to achieve high time resolution is to increase the 
accelerating voltage of the electrons. RF guns with thermionic cathodes 
have been used for many years for injection into storage rings83 and RF 
guns with photocathodes as sources for free-electron lasers (FELs).84 
Currently photocathode rf guns are the brightest electron gun sources 
available.85 Bright beams can be generated due to the high rf fi elds 
(typically 100 MV/m or more) used to accelerate the beam over a short 
distance. The beams become relativistic in a few centimeters, quickly 
reducing the space-charge force repulsion. (Space-charge force is 
reduced for high-energy beams. Several books derive the space-charge 
equations for both longitudinal and transverse space charge showing 
the force varies as the Lorentz factor γ−2.137,138) The particles are typically 
accelerated to ∼5–6 MeV depending on the rf amplitude and the elec-
tron beam launch phase.

It is conceivable that such a gun could be fi tted to an electron optical 
column suitably engineered for operation with 5–6 MeV electrons. This 
would, however, require large-scale installations similar to previous 
HVEM facilities. Two signifi cant differences would be that the accelera-
tor would be less than 10% of the size of previous HVEMs and that 
there would be no need for the elaborate and costly vib ration isolation 
schemes that were needed. Further, because the duty cycle of the 
pulsed instruments is small compared with CW instruments, it is pos-
sible that some of the radiation shielding requirements may be relaxed 
in pulsed machines.

6 Conclusions

It appears that the growing interest in ultrafast science using optical 
and X-ray methods will spawn a new group of investigations using 
electrons. The potential for doing ultrafast diffraction experiments is 
already well established. The scientifi c case for extending this to ultra-
fast imaging with electrons is compelling. Technical hurdles remain to 
be overcome but it is clear that imaging will play a role certainly for 
experiments in which nanometer spatial resolution and nanosecond 
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time resolution are required. It is also clear that experiments at time 
resolutions previously inaccessible (nanosecond to millisecond) in 
which space charge limitations are not a factor will also benefi t from 
this technology. Extension of this technology to femtosecond time reso-
lution and atomic spatial resolution is a worthy goal and conceptually 
achievable. The benefi ts that accrue from going to relativistic accelerat-
ing voltages may revive interest in high-voltage electron microscopes 
with pulsed electron sources.
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6
In Situ Transmission 
Electron Microscopy

Frances M. Ross

1 A Working Defi nition of in situ Transmission 
Electron Microscopy

Since the earliest days of transmission electron microscopy, microsco-
pists have realized the potential of microscopy for studying dynamic 
processes. Images recorded sequentially can be used to track the 
changes caused by deliberate actions, such as heating or straining, or 
uncontrolled processes, such as beam damage. The class of experi-
ments where a specimen is changed or acted on while it remains under 
observation (i.e., in situ in the polepiece) is referred to as in situ micros-
copy. In a sense every TEM observation is an in situ experiment, since 
every specimen is affected by the electron beam to some extent. But 
the in situ experimenter aims to modify the specimen in a deliberate 
way and learn something from the results.

In the best in situ experiments, a controlled change is made to a 
specimen’s environment, and this is correlated with the resulting 
change in its structure, measured using any of the imaging, analytical, 
or diffraction techniques available, or its electronic or mechanical prop-
erties, which can also be measured in situ. Preferably both the “input,” 
in other words the change in sample environment, and the “output,” 
or consequent change in structure or properties, are recorded simulta-
neously and quantitatively. Given suffi cient care with artifacts, a quan-
titative understanding of a fundamental physical process can be 
obtained.

There are numerous advantages to performing experiments in situ. 
A single in situ experiment gives a continuous view of a process, so 
may take the place of multiple post-mortem measurements. A single 
heating experiment, for example, can provide information that would 
otherwise have to be extracted by examination of many samples which 
had been annealed to different temperatures or for different times. 
Because an in situ experiment is continuously recorded, it is easier to 
catch a transient phase or observe a nucleation event. In situ experi-
ments can yield specifi c and detailed kinetic information, measuring 
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for example the motion of individual dislocations under known stress, 
or the growth rates of individual nanocrystals. Properties can be deter-
mined for well-characterized nanostructures, such as the conductivity 
of single nanotubes or the melting point of precipitates. Finally, growth 
experiments in particular provide a window into the behavior of mate-
rials under real processing conditions, since signifi cant changes can 
occur if we remove a material from the growth chamber and perform 
analysis post-mortem.

Although in situ experiments provide unique information, it is at a 
cost of increased experimental complexity. Careful design of the speci-
men is necessary to minimize thin foil effects. Tests must be carried 
out to understand beam effects, and calibration of the applied stimulus 
is critical.

Given the complexity of some in situ experiments, what is remarkable 
and inspirational is the variety of materials and properties that have 
been studied in situ. In the vast majority of experiments, the “input” 
to the specimen ranges from simple beam heating to controlled sample 
heating, cooling, or straining; application of a voltage or a magnetic 
fi eld; or even modifi cation with a scanning probe tip. A specially 
designed sample holder may be used which could include a heater, 
electrical contacts, a tip, or a mechanical straining stage. Such experi-
ments can be carried out in most microscopes, apart from those with 
the tiniest polepiece gaps, although a side entry design is most conve-
nient for experiments involving feedthroughs. A second, less common 
class of experiments is based on changing the sample’s environment 
by, for example, exposing it to a reactive gas or depositing another 
material onto it. For such studies, two experimental strategies are pos-
sible. Firstly, one can use a conventional microscope, but achieve envi-
ronmental control in a modifi ed sample holder in which the sample 
and reactive environment are enclosed in a region between two elec-
tron-transparent membranes. Alternatively, the microscope itself may 
be modifi ed, for example by adding gas feedthroughs to the specimen 
area. The sample can then be exposed to the desired environment in a 
standard holder. For certain experiments involving reactive surfaces, a 
clean environment is important and the entire microscope must then 
be designed for ultra high vacuum (UHV). A UHV specimen region 
allows clean surfaces to be prepared (for example by heating) and then 
modifi ed controllably in the polepiece. True UHV systems are rela-
tively rare as they represent a large investment. They often include side 
chambers attached to the microscope in which other preparation or 
deposition treatments can be carried out ex situ.

In terms of collecting the “output” data, some in situ experiments 
require atomic resolution, while others use lower resolution strain or 
defect imaging, diffraction analysis, and occasionally elemental 
mapping. Data may be collected onto videotape or hard drive or as a 
series of still images, and in some cases high speed image acquisition 
may be necessary. Commonly, other measurements, such as sample 
temperature, gas pressure, electrical conductivity or applied force, are 
collected simultaneously and may be written onto the video tape or 
stored electronically with the images.
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The following sections will describe some of the accomplishments of 
in situ microscopy in improving our understanding of the bulk proper-
ties and surface physics of materials. In situ microscopy has a rich 
history, but here we will focus on more recent experiments, mainly 
within the last decade, with the hope that this emphasis will capture 
the ongoing excitement of this quickly developing fi eld. Along the way 
we will discuss experimental requirements for in situ experiments and 
the recognition and elimination of artifacts. We hope to show how 
widely in situ microscopy has enhanced our understanding of phenom-
ena associated with phase transformations, crystal growth, electrical 
and mechanical properties, magnetism and ferroelectricity, implanta-
tion and beam effects, and even processes which take place in the liquid 
phase. Improvements such as the larger polepiece gap made possible 
by aberration correction, more sophisticated data analysis techniques, 
and enhanced abilities to fabricate specimens of controlled geometry, 
promise to extend the possibilities of in situ techniques even further.

2 Phase Transformations

The largest body of work accomplished using in situ TEM techniques 
has been in the area of phase transformations: melting, crystallization, 
transformations between crystal structures, and the formation of new 
phases by solid state diffusion. An understanding of such transforma-
tions is scientifi cally interesting and technologically essential in, for 
example, the processing of alloys or the development of new materials 
having extreme hardness or superplastic, magnetic or shape memory 
properties. In situ TEM has provided detailed information on the mech-
anism, kinetics, and structures produced during many phase trans-
formations, both in the bulk and in nanoscale volumes. Microscopy is 
well suited for such studies because its high resolution allows atomic 
motions to be visualized, and diffraction can identify the phases 
present under changing conditions. Small precipitates or nuclei can be 
characterized and their evolution followed, and complex or incom-
mensurate structures can be analyzed.

The requirements for these studies are usually simple, consisting of 
time-resolved imaging and a heating stage, although some experi-
ments involve cooling, straining, or deposition. Images are commonly 
recorded at video rate (30 images per second) and the temperature can 
often be chosen to give a convenient reaction velocity. Heat is applied 
using the electron beam, or, more controllably, by heating a furnace or 
a resistive wire close to the sample. Alternatively, a heating current 
may be passed through the sample or the sample may be stuck onto a 
resistively heated wire. For qualitative results, such as determining 
reaction mechanisms, structural changes are observed during heating 
and cooling. For quantitative measurements the sample temperature 
must be measured accurately. This is a challenge since the temperature 
measured at the furnace by a thermocouple, say, may not be the same 
as the temperature at the region under observation. However, with 
some effort, careful calibrations have been achieved.
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We fi rst discuss transformations in bulk materials, then examine 
transformations in small volumes of material. These small volumes 
may be free-standing nanostructures or nanoparticles encapsulated in 
a matrix. A recurring theme will be the fi nding that small volumes do 
not transform under the same conditions as larger volumes, which is 
extremely important for the development of complex materials.

2.1 Crystallization, Melting and Grain Growth in Bulk Materials

2.1.1 Amorphization and Crystallization
The crystallization of amorphous materials is an interesting and impor-
tant process which is uniquely suited to TEM analysis. Early, elegantly 
simple experiments involved the recrystallization of silicon, deposited 
as an amorphous thin fi lm and then heated in cross section in a high 
resolution TEM. These experiments (Parker et al., 1986; Sinclair et al., 
1987) showed the power of high resolution imaging at high tempera-
ture. The nucleation of crystallites was visualized, allowing estimation 
of the critical nucleus size, and the irregular progress of the reaction 
front was demonstrated, even though macroscopically the kinetics 
were consistent with a more continuous ledge mechanism. This pio-
neering work provided an atomic scale view of a bulk phase transfor-
mation, showing the start-stop motion we now expect for atomic scale 
processes. Using multilayer specimens to extend this approach to 
metal-mediated crystallization of Si, Ge, or C clearly demonstrated the 
mechanism for these reactions as well (Figure 6–1, Konno and Sinclair, 
1992, 1995a, b, c; Sinclair et al., 2002). Si crystallization has now been 
so well studied, both in situ and ex situ, that it has actually been used 
as a calibration tool to measure the temperature in thin specimens 
(Hull and Bean, 1994; Stach et al., 1998a). An accurately calibrated 
temperature is essential in obtaining quantitative information, such as 
activation energy, for reactions carried out in situ. More recent crystal-
lization studies have used plan view rather than cross sectional geom-
etry, allowing many individual grains to be imaged. For example, the 
nucleation and growth rates of individual NiTi crystals during heating 
were found to be in agreement with the Johnson-Mehl-Avrami-
Kolmogorov model (Lee et al., 2005), allowing grain size distributions 
to be predicted in this shape-memory alloy.

An interesting industrial application of this type of experiment, rel-
evant to new types of information storage, is shown in Figure 6–2. 
Phase change materials such as GeSb and GeSbTe can store bits of 
information as amorphous areas embedded in crystalline regions. A 
high laser power is used to write amorphous spots, a medium power 
erases by recrystallizing, and a low power (or other measurement) 
reads the bits. In situ observations of crystallization have been made in 
fi lms deposited on SiN membranes (Kooi et al., 2004; Kooi and De 
Hosson, 2004), free-standing fi lms (Petford-Long et al., 1995) and actual 
compact disc materials (Kaiser et al., 2004). Beam heating shows nucle-
ation and growth kinetics (Figure 6–2B), while more controlled experi-
ments using a heating stage measure activation energies (Figure 6–2A). 
SbOx, another potential phase change material, has been examined in 
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situ for different stoichiometries x, again determining activation energy 
(Missana et al., 1999). Although stress effects may change the kinetics 
in electron transparent foils, these experiments are useful in allowing 
transformation parameters to be measured and structural changes 
examined.

The reverse process of solid state amorphization is hard to measure 
using other experimental techniques. In situ heating of systems such 
as Ti-Si, Zr-Si, Pt-GaAs (Sinclair, 1994), and Al-Pt (Blanpain et al., 1990) 
allow nucleation locations to be determined and diffusion processes to 
be characterized. Amorphization can also be induced by the electron 
beam, as will be discussed in Section 8.

Figure 6–1. Metal-induced crystallization. In situ high-resolution images recorded during the Ag-
mediated crystallization of Ge at 250°C. The time between frames is 8 s. The Ag is the faulted region 
in the center and the crystalline Ge is in the upper left. The Ag crystal appears to migrate toward the 
amorphous Ge region but the faults remain fi xed (one fault is indicated by a line). The inference is 
that Ge is supplied by diffusion through the Ag lattice, and the net motion of the Ag is caused by 
counter diffusion of Ag atoms. The lack of any amorphous entectic is dearly demonstrated. (From 
Konno and Sinclair, 1995a, with kind permission of Taylor and Francis Ltd.)
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2.1.2 The Solid-to-Liquid Transformation and the Structure of the 
Solid-Liquid Interface
Melting and freezing can be observed in situ by diffraction or imaging. 
Perhaps the ultimate example is the “nanothermometer” shown in 
Figure 6–3, fabricated by enclosing Ga in a large diameter carbon 

A

B

(a) (b) (c)

Figure 6–2. The amorphous to crystalline transformation in phase change materials. (A) Bright-fi eld 
images recorded during crystallization of a 40-nm Sb3.6Te fi lm at 85°C. The fi lm was deposited on an 
SiN membrane. Note that the growing crystal was prenucleated by heating for 5 min at 95°C. (Repinted 
with permission from Kooi and de Hosson, © 2004. American Institute of Physics) (B) Bright-fi eld 
images displaying stepwise electron irradiation-induced crystallization of an amorphous data mark 
in 14-nm-thick Ga15Sb85 after irradiation for the times indicated at a current density of 1.5 nA mm−2. 
The specimen was made from a conventional CD-RW/DVD1RW disk consisting of a ZnS:SiO2/GaSb/
ZnS:SiO2/SiN/Ag/SiN layered stack on a polycarbonate substrate, with all layers removed except for 
the GaSb and surrounding dielectric layers. The phase-change layer was crystallized using a broad 
laser beam then amorphous data marks were “written” using a home-built recorder. (Reprinted with 
permission from Kaiser et al., © 2004. American Institute of Physics)
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nanotube (Gao and Bando, 2002; Z. Liu et al., 2004). This structure was 
used to measure the expansion coeffi cient of liquid Ga and observe 
different structures on freezing. Several other transformations involv-
ing liquids have also been studied in situ. It may at fi rst appear surpris-
ing that liquids can be examined at all. However, liquids with low 
vapor pressure, such as Ga, In, Si, or Al, may be treated in the same 
way as solids, provided they do not move around too much, while 
liquids with high vapor pressure can be observed if they are naturally 
encapsulated, for example as inclusions, or are cooled. High vapor 
pressure liquids which are not in the form of inclusions require special 
techniques which will be described in Section 7. Liquids which are not 
encapsulated and are too mobile may be studied by coating the thin 
foil with a polymer to maintain shape (Kato et al., 2000; Senda et al., 
2004). Such studies show that melting points in thin fi lms differ from 
bulk (Senda et al., 2004).

TEM studies have provided information about the structure of the 
solid-liquid interface and the transformation between solid and liquid. 
In spite of extensive theoretical work on solid-liquid interface structure 
and the transient ordering in liquids just before solidifi cation, such 
phenomena have proven diffi cult to study experimentally using other 
techniques. Even with TEM, relatively few systems have been exam-
ined. The nature of the solid to liquid transition in Xe fi lms has been 
determined using diffraction in an environmental cooling cell (Zerrouk 
et al., 1994). Imaging studies have shown the persistence of order into 
liquids, for example at the (211) interface in PdSi (Howe, 1996) and at 
the interfaces of liquid Xe inclusions in Al (Donnelly et al., 2002). A 
combination of energy fi ltered imaging and diffraction contrast has 
been used to examine the interface between Al-Si eutectic and solid 
Al-Si alloy, to determine that the interface is quite abrupt and that 
changes in crystallinity correlate with composition (Storaska et al., 
2004). Finally, the Si crystal-liquid interface has been imaged at high 

Figure 6–3. The Ga thermometer. Ga contraction and expansion inside a carbon nanotube upon 
cooling and heating. The background feature is part of the carbon support fi lm. Scale bar = 100 nm. 
(a) At room temperature, 21°C. (b) At −40°C. (c) At −80°C, when solidifi cation occurred. (d) The crys-
tallized Ga was melted at −20°C. (e) Reheated to room temperature, 21°C. (Reprinted with permission 
from Z. Liu et al., © 2004 by the American Physical Society)
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A

B

Figure 6–4. Grain boundary dynamics. (A) High-resolution electron microscopy images of a [110] 
θ = 14° tilt grain boundary in Au at 893K. Individual frames are shown from a video sequence recorded 
near optimum defocus. (a) GB at t = 15.37 s. (b) GB has moved to the right at t = 44.93 s and is near the 
(6, −6, 1) symmetric orientation. (c) Detail of (a) depicted at various times in the four panels. A small 
region composed of eight atomic columns switches orientation between the two grains. Note the 
stacking disorder and misfi t localization at the dislocation cores. Reprinted with permission from 
Merkle et al., © 2002b by the American Physical Society. (B) High-resolution image of the Cu Σ = 3 
interface imaged along [01-1]. The grain boundary is dissociated into a narrow slab of 9R stacked 
material (fcc stacking but with an intrinsic stacking fault inserted every three planes). The two images 
were recorded 5 min apart after 400 kV electron beam irradiation and the 9R stacked region has 
expanded due to changes in the internal stress state induced by the beam. Stacking defects in the 9R 
structure can be related to the presence of secondary grain boundary dislocations at the interface. 
(From Medlin et al., 1998, with permission from Elsevier.)
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temperature (Nishizawa et al., 2002) to determine the planarity of dif-
ferent index interfaces.

As well as static confi gurations at the solid-liquid interface, interface 
dynamics during solidifi cation have been examined in several bulk 
materials. Arai et al. (2000, 2003) observed Si growth in the Al-Si 
system, while Sasaki and Saka (1996), Kamino et al. (1997a) and Saka 
et al. (1999) imaged surface melting in Al and Al2O3, observing ledge 
motion during solidifi cation. Other studies have involved nanoparti-
cles and inclusions and will be discussed below.

2.1.3 Grain Growth and Grain Boundary Motion
Grain boundaries in polycrystalline materials can move on annealing 
or mechanical deformation. Just as we have seen for crystallization 
studies, in situ observation of grain boundary dynamics can supply 
information on the growth mechanism, and even measure the effects 
of impurities and gas atmosphere. Grain boundary motion during 
heating has been observed for metals such as Cu, Au, and Al (Keller 
et al., 1997; Dannenberg et al., 2000; Kaouache et al., 2003). For nano-
crystalline Ag thin fi lms, the measurement of kinetic parameters dem-
onstrated that grain growth is dominated by surface diffusion mass 
transport (Dannenberg et al., 2000). Grain boundary motion during 
mechanical stressing will be discussed in Sections 5.1 and 5.3.

More complex grain boundary dynamics can also be studied. An 
interesting example is the penetration of liquid Ga along grain bound-
aries in Al, relevant to the important embrittlement process (Hugo and 
Hoagland, 1998, 1999). The structure and strain fi eld during penetra-
tion, the kinetics in different grain orientations, and the effects of dis-
locations were observed.

While dark fi eld imaging works well for grain boundary dynamics 
in polycrystalline fi lms or at low symmetry boundaries, high resolu-
tion heating experiments are very useful for understanding high sym-
metry boundaries. High resolution experiments on bicrystals having 
engineered boundaries with high symmetry, particularly in Au and 
Cu (Medlin et al., 1998; Merkle and Thompson, 2001; Merkle et al., 
2002a, b), enable very detailed measurements at the atomic level and 
the determination of grain boundary migration mechanisms. In situ 
experiments show that collective mechanisms operate during migra-
tion, and that unusual structures may form and grow at boundaries 
(Figure 6–5). Dislocations may also be emitted, and the details of their 
structure and relationship with the boundaries can be measured 
(Lucadamo and Medlin, 2002).

2.2 Structural Phase Transitions

As well as the phenomena of melting, solidifi cation and grain bound-
ary motion, in situ techniques have been applied to understand trans-
formations between different crystal structures and solid state reactions 
involving diffusion. These experiments have mostly relied on in situ 
sample heating, although transformations have also been initiated by 
straining, electron beam heating, electric and magnetic fi elds, and a 
gas environment. High resolution imaging and analysis, diffraction, or 
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low resolution weak beam or bright fi eld imaging provide information 
that is complementary to that obtained from other in situ techniques, 
such as x-ray diffraction, which average over larger volumes.

Subtle changes in symmetry can be detected using the sensitive 
combination of diffraction and high resolution imaging. These com-
bined techniques show the transformations between orthogonal, 
tetragonal, and cubic phases in oxides such as SrRuO3 (Jiang and Pan, 
2000). They also work well for transformations involving charge order-
ing and incommensurate phases, which will be discussed in Sections 
4.1 and 4.3. Ordering can be investigated directly in the STEM, using 
its capabilities for elemental analysis of individual atomic columns. For 
example, Klie and Browning (2001) heated LaSrFeO3 in the STEM, 
using the column environment, which is low in oxygen, to reduce the 
material. EELS showed that the resulting change in symmetry was due 
to ordering of oxygen vacancies.

When planning to study these sorts of phase transformations, it is 
important to consider the same experimental artifacts that we have 
already mentioned for melting and solidifi cation. The results described 
below illustrate both the advantages and some pitfalls of in situ TEM.

We fi rst consider transformations in intermetallic alloys such as 
shape memory alloys, which provide an excellent opportunity for in 
situ microscopy to display its strength. For example, for TiNi, the ori-
entation relation between the different phases can be determined, and 
the dynamics of the emergence of martensite plates during straining 
can be observed in situ (Gao et al., 1996; Ma and Komvopoulos, 2005). 
In situ heating of NiAl alloys (Schryvers and Ma, 1995, Schryvers et al., 
1998) showed how the texture and defect structure in the high tem-

Figure 6–5. Phase stability in NiAl. When a martensitic Ni-rich NixAl1−x 
sample, with x > 63at.%, is annealed at moderate temperatures (550°C) it trans-
forms into Ni5Al3. On further heating to 780°C, the Ni5Al3 phase itself decom-
poses, forming B2 grains in a twinned L12 matrix. This image is part of a 
sequence obtained during heating that shows a smaller B2 grain growing by 
forming a small extension (marked as X) into the L12 matrix, consuming some 
twins, then rapidly expanding laterally. The Ni5Al3 phase is undesirable as it 
degrades the shape memory pro perties by inhibiting the transformation back 
to austenite, and its formation and stability are therefore important. (From 
Schryvers and Ma, 1995 with permission from Elsevier.)
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perature phase are derived from the lower temperature phase, and 
illustrated the processes occurring during phase decomposition with 
low resolution imaging and diffraction (Figure 6–5). Higher resolution 
imaging showed details of the formation of the gamma phase in TiAl 
which would have been diffi cult to ascertain otherwise, for example, 
the ledge motion of interfaces (Howe et al., 2004). Other materials 
examined include the shape memory alloys CuAlMn (Dutkiewicz et 
al., 1995), TiNiHf (Han et al., 1997), and FeMnSi (Jiang et al., 1997). 
Crystallographic relationships, the interaction of dislocations with the 
transformation front, and the morphology of phases produced on 
heating or straining were studied. The presence and signifi cance of 
incommensurate refl ections in related materials have been examined 
using imaging plates and an in-column fi lter (Tamiya et al., 1998; Cai 
et al., 1999; Murakami and Shindo, 2001; Ii et al., 2003). Cooling stages 
allow an even larger range of transformations to be accessed (Tanner 
et al., 1990).

However, thin foil effects are important in these transformations. 
Kuninori et al. (1996) showed that the foil thickness infl uences trans-
formation temperatures—indeed, transformations do not occur at all 
at some thicknesses—and Ma and Komvopoulos (2005) showed that 
thickness can affect the sequence of phases. Electron irradiation effects 
are also important, for example in inducing some transformations in 
NiMnTi (Schryvers et al., 1996), and in changing the formation kinetics 
of the omega phase in beta phase Ti-Mo alloys on cooling (Matsumoto 
et al., 1999), a transformation which is important in understanding the 
anomalous electrical conductivity of these alloys.

Both beam and thin foil effects, of course, must be considered in any 
in situ transformation. Beam effects should always be evaluated by 
examining unirradiated areas after the transformation. Thin foil effects 
can be minimized in some cases by depositing the material of interest 
onto an electron transparent membrane. This reduces buckling and 
provides a more uniform temperature than a conventional specimen 
of varying thickness, advantageous for quantitative studies. An 
example is the transformation between beta and alpha phases of tung-
sten, for which the change in stress state is important in lithographic 
mask applications. Deposition of a uniform W fi lm on a silicon nitride 
membrane (Ross et al., 1994a) allowed the transformation dynamics to 
be measured and the presence of voids to be related to the initial grain 
structure. Membrane specimens have been used successfully for many 
types of material, for example, by Morkved et al. (1998), Dannenberg 
et al. (2000), Kooi and de Hosson (2004), Grant et al. (2004), and Lee 
et al. (2005).

2.2.1 A Solid-State Diffusion Reaction: Silicide Formation
Reactions which occur at a planar interface between two materials 
have provided fruitful subjects for in situ experiments. In situ observa-
tions may allow determination of the diffusing species, the nature of 
nucleation sites, the sequence of phases, and the relationship between 
the crystal structures of the initial and fi nal phases. However, the 
complexity of these reactions, compared to the crystallization and 



456 F.M. Ross

melting reactions described previously, means that we have to be par-
ticularly careful to avoid artifacts. For example, if the sample dimen-
sions are comparable to or less than the diffusion lengths of the moving 
species, then surface diffusion may affect the kinetics. Surface nucle-
ation sites may be signifi cant, and beam effects and stress relaxation 
in thin regions of the foil must be recognized. In spite of these issues, 
a successful body of work has been carried out on these transforma-
tions. We illustrate this by discussing silicide formation, a popular “test 
system” of great relevance to the microelectronics industry that has 
been examined using a range of in situ TEM techniques.

In situ silicidation was initially studied in cross section by heating a 
metal fi lm such as Ti, Zr, or Cr that had previously been deposited on 
Si (H. Tanaka et al., 1995, 1996, 1998; Sidorov et al., 1998a; Figure 6–6A). 
Plan view experiments later provided the opportunity to examine sili-
cidation on patterned substrates to study, for example, nucleation-
limited transformations in small areas (Teodorescu et al., 2001; Ghica 
et al., 2001; Gignac et al., 1997; Figure 6–6B). These in situ experiments 
were very helpful in showing the sequence of phases, some of which 
are short-lived or hard to see otherwise; as mentioned previously, a 
single in situ experiment can replace a whole series of ex situ prepara-
tions (Wang and Chen, 1992). It is interesting to consider the sample 
geometry, however, as it illustrates some limitations of the in situ 
studies. In a cross sectional experiment, quantitative results are only 
obtained if surface diffusion pathways are suppressed (perhaps by 
coating the sample) and nucleation sites on the milled surface are 
minimized. It can only be assumed that the in situ experiment is an 
accurate representation of the bulk situation if both the activation 
energy of the reaction, and the fi nal structure produced, are com-
parable with bulk experiments (Sinclair et al., 1988). In plan view, 
surface effects are not as signifi cant, but thin fi lm buckling must be 
considered.

Specialized in situ deposition techniques offer an interesting alterna-
tive way of looking at silicide formation. Rather than depositing a 
metal on the Si (or Ge) substrate ex situ, the substrate can be cleaned 
in situ in a UHV TEM and the metal then deposited in situ. The metal 
may be deposited onto a cool substrate which is then heated (Gibson 
et al., 1987; Ross, 2000) or it may be deposited at high temperature, 
where silicide phases form at once as islands (Ross et al., 1999a; H.P. 
Sun et al., 2005; Nath et al., 2005). To study the structure of such 3D 
islands in more detail, a combined UHV system allowing sequential 
TEM and STM imaging has been used to determine surface reconstruc-
tion as well as the sequence of phases (Tanaka et al., 2004). In situ 
deposition has also been used to study more complex silicide reactions, 
such as oxide and nitride mediated epitaxy (Kleinschmit et al., 1999; 
Chong et al., 2003). The experimental complexities of carrying out 
deposition in situ will be discussed in more detail in Section 3. But the 
advantages are clear in terms of avoiding contamination or oxidation 
(or evaluating their effects; see Figure 6–6C), discovering changes in 
the phase sequence as a function of fi lm thickness, and looking at 
kinetic effects during deposition, such as coarsening.
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phase transformation in TiSi2 which had been deposited and annealed in situ (left hand column), 
compared to ex situ deposited TiSi2, where Auger spectroscopy showed the presence of oxygen (right 
hand column). Times are shown in seconds and the arrow marks a fi xed point on the specimen. The 
phase transition occurs smoothly in the clean fi lm while it is strongly pinned at grain boundaries in 
oxidized fi lms. (Reprinted with permission from Ross, ©2000 AAAS.)

Figure 6–6. Silicide phase transforma-
tions. (A) Sequence of cross-sectional 
images recorded during heating of a 
50 nm CoSi2 fi lm on Si(001), showing 
interface roughening and pinhole for-
mation. (From Sidorov et al., 1998a.) (B) 
Silicide formation in a patterned area 
defi ned by an oxide window. After 
deposition of 12 nm Ni over an 800 nm-
wide line (a), the successive plan view 
images show the formation of Ni sili-
cides at different temperatures: (b) for-
mation of NiSi2 (fl ower-like contrast); 
(c) NiSi2 pyramids are well formed; (d) 
After 10 minutes at 400ºC some NiSi 
has formed in the center of the line 
but NiSi2 remains along the edges. 
(Reprinted with permission from 
Teodorescu et al., © 2001. American 
Institute of Physics.) (C) The C49–C54 
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2.3 Phase Transformations in Nanostructured Materials

So far we have discussed phase transformations in bulk materials or 
thin fi lms, where in situ microscopy allows us to see changes in struc-
ture, how phases nucleate, and how growth fronts propagate. But TEM 
is particularly good at imaging nanostructures; in other words, resolv-
ing the shape, structure, and composition of small regions of a speci-
men. Thus, the techniques applied to study transformations in bulk 
materials can naturally be extended to transformations in small 
volumes, either embedded in a matrix or free standing. The stability 
of phases and the mechanisms of transformations in small volumes 
have been determined for several cases, confi rming the important 
general conclusion that small particles show different phase diagrams 
compared to larger volumes of the same material. This is especially 
important given the many applications of nanostructured materials, 
for example, in high strength metal alloys, and individual, free-
standing nanoparticles, for example, as catalysts or components in 
advanced electronic devices.

2.3.1 Size-Dependent Transformations in 
Embedded Nanostructures
By focusing on an individual inclusion or precipitate, in situ micros-
copy provides precise information about phase transformations and 
stability in nanoscale volumes. Excellent quantitative work in several 
systems shows the potential of the technique for future studies on a 
wider range of materials.

Pb in Al is a model system, since the lack of solubility of Pb in Al 
means that Pb spontaneously forms small cuboctahedral inclusions 
with a cube-on-cube orientation relation. Heating experiments allow 
strain, melting, and diffusion phenomena to be studied. A fascinating 
range of size-dependent properties has been seen (Figure 6–7). Melting 
of the Pb particles is size-dependent with huge supercooling possible, 
and there is a hysteresis on solidifi cation due to the diffi culty of nucle-
ating ledges (Gabrisch et al., 2000). The decay of strain during solidifi -
cation and melting provides information on the diffusion of point 
defects (Zhang et al., 2004). In particles at grain boundaries, which 
have complex structures, the melting of each interface at a different 
temperature can be seen (Bhattacharya et al., 1999; Dahmen et al., 
2004). Co-implantation of different materials into Al, such as Cd/Pb, 
Sn/Pb, or Tl/Pb, allows phenomena associated with phase separation, 
melting, and interface structure to be examined (Johnson et al., 2002) 
and binary phase diagrams determined as a function of size.

Phase transformations involving precipitate growth have provided 
equally interesting information. In cases where precipitates are pinned 
on dislocations, diffusion parameters can be measured from their coars-
ening (Legros et al., 2005) or motion (Johnson et al., 2004). The kinetics 
of ledge motion and kink nucleation on precipitates can be observed 
during high resolution heating experiments (Howe, 1998). For example, 
for precipitate plates in Al-Cu-Mg-Ag alloys, imaging parallel and per-
pendicular to the interface demonstrated that precipitates grow by the 
terrace-ledge-kink mechanism (Benson and Howe, 1997) and even 
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Figure 6–7. Nanoparticle melting phenomena. (A) Size-dependent melting of Pb inclusions in Al. The 
sample was produced by rapid solidifi cation of an Al–0.5% Pb alloy and the image shows an array of 
particles at 423°C, which is 96°C above the bulk melting point. The rounding of most particles indicates 
their liquid state, while the smallest particles (arrow) are still faceted and solid. By measuring the 
dependence of inclusion shape on temperature and considering the inclusion shape change kinetics, 
the step energy as a function of temperature for steps on the inclusion surface can be calculated (lower 
graph). The least-squares fi t indicates a roughening transition at about 600°C. (From Gabrisch et al., 
2001 with permission from Elsevier.) (B) Reversible melting of 25-nm Pb inclusion at a grain boundary 
in Al (a–h). This particle has two different interfaces with two different grains and the two interfaces 
melt at different temperatures. The thin black line indicates the solid–liquid interface at different 
temperatures. (From Dahmen et al., 2004 with kind permission of Taylor and Francis Ltd.)
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allowed the rate limiting steps and thermodynamic parameters of kink 
nucleation to be determined (Figure 6–8). Analytical techniques provide 
complementary information on the relationship between composition 
and structure at these growing interfaces, and the development of sim-
ulations for dynamic high-resolution imaging promises to make these 
studies even more quantitative (Howe et al., 1998). Other reactions, such 
as oxidation and reduction, can also be observed in precipitates (for 
example Isshiki et al., 1995; Kooi and De Hosson, 2001).

A

B

Figure 6–8. Precipitate growth mechanism. High-resolution image of a single ledge on a 111 θ plate in 
an Al–Cu–Mg–Ag alloy during growth at about 220°C, and a graph showing the position of the ledge 
as a function of time demonstrating growth by irregular motion of ledges. The ledge height is two 111 
matrix planes high (half a unit cell). The circled area appears blurred in videos due to enhanced atomic 
motion there. (From Howe et al., © 1998 Courtesy of Cambridge University Press.)
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2.3.2 Phase Transformations and Sintering in 
Free-Standing Nanoparticles
Isolated nanoparticles are often used as catalysts, and this has gener-
ated interest in understanding the factors determining their shape, 
phase stability, and sintering. For precipitates, we have seen properties 
quite different from the bulk material. Similar results are found for 
free-standing nanostructures when studied in situ.

The earliest in situ studies of free-standing particles demonstrated 
the dynamic nature of the atomic arrangement (Smith et al., 1986; Iijima 
and Ichihashi, 1986), and the large fraction of atoms on or near the 
surface indeed leads to unusual behavior. TEM has shown that phase 
transformations in free-standing particles are different from those in 
bulk, for example in observations of size-dependent melting (Howe, 
1997) and changes in phase stability (Chatterjee et al., 2004). In this 
context, binary systems such as Au-Sn, Pb-Sn, Bi-Sn, and In-Sn have 
been extensively studied. For this, a two-source evaporator is used to 
form mixed composition clusters in situ (Figure 6–9). The binary phase 
diagram is found to depend strongly on size, with changes in the 
eutectic temperature (Yasuda et al., 2001; Lee et al., 2002a). Melting 
behavior, phase separation, and mixing also depend on the composi-
tion and size (Yasuda et al., 2000, Lee and Mori, 2004a, b). These effects 
refl ect a change in solubility or the relatively high cost of forming 
phase boundaries.

Unusual structures may occur in certain free-standing particles on 
melting. In Al-Si, a solid Al particle inside a molten Al-Si sphere can 
form, moving with fractional Brownian motion (Yokota et al., 2004). In 
GaSb, particles decompose into a crystalline Sb core surrounded by 
liquid Ga (Yasuda et al., 2004). Stress may also play an important role 
in particle reactions. Metals encapsulated within multiwalled carbon 
onions have changed melting points due to the pressure (Banhart et 
al., 2003; Schaper et al., 2005), and the metal can even migrate through 
the graphitic covering (Schaper et al., 2005). When there is a solid oxide 
layer covering a nanoparticle, stress relief can cause cracking (Storaska 
and Howe, 2004).

Sintering of free-standing particles is particularly important in mate-
rials processing and has been examined in situ. Ceramic particles such 
as SiN can be made to sinter in a conventional microscope provided 
that a very high temperature stage is used (Kamino et al., 1995). For 
metals, of course, the surface oxide strongly infl uences sintering. For 
example, the degree of sintering of Fe and Nb nanoparticles on mem-
branes, prepared ex situ but observed at high resolution during anneal-
ing in high vacuum (Vystavel et al., 2003a, b), was found to depend on 
surface oxidation. To solve this problem, an integrated system may be 
used, where particles are created and imaged in the same high vacuum. 
Yeadon et al. (1997) connected a sputtering chamber to a UHV TEM to 
carry out successful studies of metal sintering. Sintering of Cu on Cu 
foils proceeded by neck growth and grain boundary motion, whereas 
Co particles on Cu and Ag foils “burrowed” beneath the surface 
to minimize surface energy (Zimmermann et al., 1999). Sintering of 
metal particles on oxide substrates in a controlled environment is of 
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Figure 6–9. Intermixing in small particles. Sequence of images showing the alloying of Sn into Bi at 
350K. (a) As-evaporated Bi particle; (b–e) the same particle during in situ Sn deposition. First a crystal-
line–liquid interface forms [arrows in (b)] and this then propagates through the crystal until the whole 
particle becomes liquid. EDX shows a composition of 50% Sn at this point ( f). Not shown is the asym-
metric behavior of Sn particles during Bi deposition; these become liquid at once without forming a 
phase boundary, an abrupt crystalline to liquid transition that is not expected from the bulk phase 
diagram. (From Lee and Mori, 2004a with kind permission of Taylor and Francis Ltd.)
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particular relevance to catalysis, and will be discussed in that context 
in Section 3.2.

2.4 Summary

In situ microscopy of phase transformations has touched on a wide 
range of materials and addressed important problems related to crys-
tallization and melting, diffusion, structural transformations, and 
grain boundary dynamics. Bulk crystals, embedded nanostructures, 
and free-standing nanoparticles have been studied, yielding quantita-
tive information on reaction mechanisms and on the relationship of 
structure to dynamics. From this survey of results, it is clear that the 
in situ techniques we have described could be applied to many cur-
rently unstudied systems. However, for proper interpretation of results, 
care must be taken with thin foil effects, such as strain, surface diffu-
sion and surface nucleation, and with beam effects. High voltage 
microscopes have signifi cant advantages in minimizing thin foil arti-
facts, though at the cost of increased beam damage. But even at inter-
mediate voltage, careful accounting for these effects can lead to 
quantitative results relevant to materials development.

3 Surface Reactions and Crystal Growth

A unique application of in situ microscopy, building on some of the 
techniques we have discussed above, is the examination of surface 
reactions and crystal growth. Rather than looking at bulk transforma-
tions as in Section 2, here we are more concerned with changes to the 
specimen surface. These changes may be initiated by heating or by 
exposure to a reactive environment or deposition fl ux. It is possible to 
study atomic scale processes on surfaces, including step dynamics and 
surface phase formation, as well as the growth of thin fi lms and nano-
structures. As we might expect from the discussion in Section 2, these 
in situ surface studies allow transient structures to be seen and kinetics 
to be measured. We will show that such experiments indeed contribute 
to an understanding of both surface reactions and growth, in some 
cases leading to improved control of surface structure or crystal size 
and shape.

These studies usually take place in a controlled environment TEM. 
The column of a standard TEM contains a mildly reducing atmosphere 
of 10−6 to 10−7 mbar and may also be contaminated with hydrocarbons. 
By controlling the environment, the specimen can be exposed to, for 
example, clearly oxidizing or reducing conditions, a solvent rich atmo-
sphere to prevent dehydration (see Section 7), or an environment that 
allows vapor phase growth. Many such experiments can be carried 
out by leaking gases into the specimen area of a conventional TEM. 
However, some specimens require a microscope capable of UHV base 
pressure to avoid any background contamination. Such microscopes 
can be complex and expensive, but they enable experiments which can 
not be realized otherwise, especially if adjacent chambers are available 
for sample preparation. Major advances in surface science have been 
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achieved using UHV microscopy, and the equipment and the science 
have recently been reviewed by Poppa (2004).

3.1 Measurement and Modifi cation of Surface Structure

Step fl ow and the development and stability of surface structures such 
as reconstructions may be studied by controlled heating, beam irradia-
tion, or environmental stimuli such as deposition or exposure to a 
reactive environment. It may appear surprising that TEM is appropri-
ate for surface studies at all, since the issues of temperature nonunifor-
mity and strain relaxation associated with the preparation of thin foils 
could be avoided completely by using techniques such as LEEM and 
UHV SEM. But TEM has a wide variety of imaging and analytical 
modes sensitive to different aspects of a surface, and can be highly 
quantitative in terms of image analysis. Scanning probe microscopy 
also provides sensitive imaging of surface structures but lacks the time 
resolution necessary for surface dynamics, requiring typically 30 
seconds to acquire each frame.

In situ TEM initially gained attention as a surface science tool with 
the successful determination of the Si (111) 7 × 7 reconstruction 
(Takayanagi et al., 1985), an accomplishment which STM and LEED 
had not been able to achieve at that time. A clean Si surface was pre-
pared by heating in a UHV TEM and diffraction patterns were obtained 
and analyzed. Since then, many other static and dynamic surface struc-
tures have been determined after in situ preparation.

Surface structures may be prepared in the UHV microscope column 
by heating or deposition onto a thin foil (e.g., Kamino et al., 1997a; 
Oshima et al., 2000; Liu et al., 2001), or may be prepared in an adjacent 
chamber connected to the microscope by UHV (Marks et al., 1998). 
Every possible mode of the TEM has been used to analyze these 
surface structures. In plan view, diffraction techniques have solved 
reconstructions of metals on Si (Collazo-Davila et al., 1998; Oshima et 
al., 2000). Refl ection electron microscopy (REM) has been used exten-
sively to examine suface step dynamics due to electromigration, and 
the effect of metal adsorption on surface structure (Aoki et al., 1998; 
Minoda and Yagi, 1999; Minoda et al., 1999; Latyshev et al., 2000; 
Figure 6–10A). REM has also provided useful information on polar 
surface structures in oxides (Gajdardziska-Josifovska et al., 2002) and 
decomposition of the InP surface on heating (Gajdardziska-Josifovska 
et al., 1997). Information from REM and plan view TEM is comple-
mentary to that obtained from in situ SEM (Homma and Finnie 2002). 
Profi le imaging, in which a surface parallel to the beam is imaged at 
high resolution, shows directly the periodicity and corrugations asso-
ciated with surface reconstructions. This was fi rst recognized early 
on (Marks, 1983; Bovin et al., 1985; Mitome et al., 1990; Smith et al., 
1993), and has recently helped to determine complex structures like 
Si (5 5 12) (Liu et al., 2001) as well as faceting, reconstructions and 
dynamics of Au-decorated Si surfaces (Kamino et al., 1997b; Figure 
6–10B) and beam-induced changes in surface structure and stoichiom-
etry (Ning et al., 1996).
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Figure 6–10. Deposition of Au on Si observed by 
different in situ imaging modes. (A) Step bunching 
on vicinal Si(001). A series of REM images obtained 
during the deposition of Au at 800°C onto a vicinal 
(4° miscut) Si(001) surface shows fi rst the forma-
tion of (001) terraces in (a) and (b). Step bunching 
and formation of step bands are shown in (c) and 
(d); facet nucleation on the step bands in shown in 
(f) and (g). Finally there is a complete transforma-
tion of the entire vicinal surface into a hill-and-
valley structure of (001) superterraces and (119) 
and (117) facets (h). (From Minoda et al., 1999 with 
kind permission of Taylor and Francis Ltd.) (B) The 
Au-induced reconstruction of a fl at Si(001) surface 
on heating. The sample was prepared by deposit-
ing Au onto a rough, oxidized Si particle. The 
irregular sample geometry means that the tem-
perature is not accurately known, However, on 
heating, the Au fi rst agglomerated; further heating 
caused the oxide layer to disappear and the Au to 
spread over the surface (dark line along the sample 
edge), causing localized faceting into (001) and 
other terraces. The (001) facets then reconstruct 
over the timeframe shown, starting from the 
terrace boundary (arrows A and B). (Reprinted 
with permission from Kamino et al., © 1997 by the 
American Physical Society.)



466 F.M. Ross

Surface diffusion under beam irradiation is evident during profi le 
imaging. This has been used to advantage to study narrow wires in 
situ. Two adjacent holes are formed in a thin foil and the neck between 
them observed as it thins and breaks due to inbuilt stresses. Such 
experiments show a variety of interesting non-bulklike structures in 
Au (Figure 6–11), such as single chains (Koizumi et al., 2001) and helical 
multishell wires (Kondo and Takayanagi, 2000; Oshima et al., 2003a), 
with some of the structures related to shear (Oshima et al., 2003b). 
Beam-induced atom migration reduces the dimensions one layer at a 
time (Oshima et al., 2002). Unusual wire structures also form in Pt 
(Oshima et al., 2002). The surface diffusion of single atoms, for example 
W on MgO, can be imaged in TEM (N. Tanaka et al., 1998).

Controlled environment and UHV TEM thus has an excellent track 
record for creating and observing surface reconstructions and observ-
ing step motion and surface diffusion. We now focus on some specifi c 
applications where the ability to characterize and modify surfaces in 
situ has led to particularly interesting and signifi cant advances.

3.2 Catalysis

Controlled environment TEM has enabled pioneering studies of the 
structural details of reactions during heterogeneous catalysis (Gai, 
2002a; Sharma, 2001, 2005). High resolution imaging can be carried out 
at high temperature and under a controlled gas environment, up to 
several millibar of, say, H2, CO, or O2. Catalyst surface structure has 
been related to reactivity, intermediate phases have been determined, 
and changes in catalyst structure have been visualized during activa-
tion and poisoning. Several controlled environment TEMs are in opera-

Figure 6–11. Nano-
structures formed by 
surface mobility. 
Images of stable Au 
nanowires observed 
during the electron 
beam thinning of a 
specimen. The diame-
ters of the wires are 
(A–D) 1.3, 1.1, 0.8, and 
0.6 nm, respectively. 
The wire images are 
wavy, especially the 
thinnest, and can be 
modeled with helical 
structures. (Reprinted 
with permission from 
Kondo and Takaya-
nagi, © 2000, AAAS.)
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tion in industrial laboratories, and we suspect that the many important 
results remain proprietary!

Most studies have focused on catalysts consisting of metal particles 
on an oxide substrate (Figure 6–12). Gai et al. (1990) fi rst examined 
shape changes in Cu particles in oxidizing and reducing environments, 
and observed the stability of Pt and Ru particles on TiO2 (Gai 1998; Gai 
et al., 2000). Hansen et al. examined the effect of Ba promoters on 
surface structures in Ru particles (2001), and used the shapes of Cu 
particles to determine relative surface energies under oxidizing and 
reducing conditions (2002; Figure 6–12B). Regeneration processes are 
important in such catalysts, and here too in situ studies have proven 
useful. For example, during regeneration of Pd/Al2O3 catalyst, sinter-
ing also takes place. The sintering behavior of “used” Pd particles, 
studied using analytical TEM as well as controlled environment 
heating, is affected by hydrocarbons which build up during use of the 
catalyst (R.-J. Liu et al., 2004; Figure 6–12A).

A wide variety of other materials and reactions have also been inves-
tigated under a controlled environment. Gai and Kourtakis (1995) 
observed a glide shear rearrangement in vanadium pyrophosphate 
during reduction, and developed a model for the surface activity of 
this material, which is important in butane catalysis. Sharma et al. 
(2004a) examined structural changes during reduction of CeO2 cata-
lyst, and interestingly used in situ energy loss spectroscopy to deter-
mine oxidation states as a function of temperature. Even the growth of 
polymeric reaction products in situ has been observed (Crozier et al., 
2001; Gai, 2002b). Other reactions include intercalation in some inter-
esting layered structures (Diebolt et al., 1995; Sidorov et al., 1998b), the 
nitridation of zirconia (Sharma et al., 2001), and de- and rehydroxyl-
ation of the lamellar material Mg(OH)2, which is important in CO2 
sequestration (McKelvy et al., 2001). The reaction of MgO with water 
vapor has also been observed in situ (Sharma et al., 2004b; Gajdardziska-
Josifovka et al., 2005).

Finally, photocatalysis can be studied in situ if a UV light source is 
brought into the specimen area. High resolution in situ imaging of the 
decomposition of hydrocarbons deposited on a TiO2 fi lm (Yoshida et 
al., 2005) provides information on the mechanism of the process. These 
exciting results suggest that in situ studies will continue to have an 
important impact in the future development of catalysts and other 
functional materials.

3.3 Oxidation of Surfaces

Corrosion of metals has signifi cant impact on industry, so it is impor-
tant to gain a fundamental understanding of oxidation and reduction 
by comparing controlled observations with theoretical predictions. For 
copper, oxidation was found to proceed via nucleation, growth, and 
coalescence of oxide islands (Figure 6–13). This result allowed the 
development of oxidation theories beyond simple models that had 
assumed a continuous oxide fi lm (Yang et al., 1998, 2002; Zhou and 
Yang, 2002, 2003). Other than Cu and its alloys (Wang and Yang, 2005), 
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Figure 6–12. In situ imaging of catalysts. (A) Fresh Pd/Al2O3 catalyst (used for hydrogenation of acety-
lene) (a) in the as-received condition (room temperature), and (b–d) after heating in 500 m Torr steam 
at 700ºC for 1, 4, and 7 hours. Catalysts are regenerated by heating in steam to remove hydrocarbon 
buildup, but this causes sintering of the metal particles, reducing activity. In situ experiments show 
that, for fresh catalysts, sintering is by conventional Ostwald ripening, while movement and coales-
cence occurs for used catalysts. (Reprinted with permission from R.-J. Liu et al., © 2004 AAAS.) (B) 
Images of a Cu/ZnO catalyst (the methanol synthesis catalyst) in various environments at 220ºC, 
together with the corresponding Wulff constructions of the Cu nanocrystals. (a, b) 1.5 mbar H2 at 220ºC; 
(c, d) in a mixture of H2 and H2O with ratio 3 : 1 at a total pressure of 1.5 mbar; (e, f) in a mixture of 
95% H2, 5% CO at a total pressure of 5 mbar. These images allow the relative surface energies to be 
determined as a function of environment. (From Hansen et al., © 2002. Courtesy of Cambridge Uni-
versity Press.)
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metal oxidation remains largely unstudied, but in situ experiments 
could clearly offer the possibility of improving corrosion resistance 
through alloying or surface processing.

Silicon oxidation is another industrially signifi cant process, as a 
defect-free Si/SiO2 interface is fundamental to transistor operation. For 
Si(111) (Figure 6–14A), forbidden-refl ection imaging showed that steps 
do not move during oxidation, meaning that any surface roughness 
remains during processing (Ross and Gibson, 1991; Ross et al., 1994b). 
For Si(001), the same result is seen (Figure 6–14B). Forbidden refl ection 
experiments are useful in their ability to probe the buried Si/SiO2 
interface, and are complementary to results obtained by in situ scan-
ning refl ection electron microscopy (Ichikawa, 1999).

High resolution imaging provides insights into reactions in more 
complex materials. By oxidizing and reducing niobium oxides, Say-
agues and Hutchison (1996, 2002) showed the formation of a series of 
block structures with changing stoichiometry (Figure 6–15). The com-
bination of analytical techniques with imaging would undoubtedly 
lead to further useful insights into oxidation and related reactions.

3.4 Growth of Carbon Nanostructures

The growth of carbon nanostructures has been extensively studied in 
situ since the discovery of these interesting materials by TEM. It is rela-
tively easy to form carbon structures in situ with a controlled environ-
ment plus a catalyst or a graphitic precursor (Figure 6–16). Beam effects 
provide an important ingredient in the synthesis, especially if catalysts 
are not used. The beam interacts with the atmosphere above the speci-
men producing a plasma that can generate fullerenes (Burden and 
Hutchison, 1998). Alternatively, irradiation of graphitic materials 

Figure 6–13. Mechanism of copper oxidation. Dark-fi eld images obtained during oxidation of Cu at 
0.1 Torr and 350°C in a UHV TEM. Imaging using the Cu2O {110} refl ection showed that oxidation is 
not planar, but takes place by Cu2O island (a) nucleation (5 min), (b) growth (15 min), and (c) coales-
cence (25 min). The specimen was prepared by fl oating a 60-nm Cu fi lm onto a support and then 
removing the surface oxide in situ by annealing at 350°C in methanol vapor for 15–30 min. The area 
and number density of the islands grown both at low pressure and at high pressure (shown here) 
were modeled using Johnson–Mehl–Avrami–Kolmogorov theory to give surface diffusion parameters. 
(Reprinted with permission from Yang et al., © 2002. American Institute of Physics.)
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A B

Figure 6–14. Mechanism of silicon oxidation. (A) Series of images of an Si(111) sample observed in 
plan view during oxidation in 2 × 10−6 Torr water vapor at 400°C. The time of each frame is given. A 
1/3 (422) forbidden refl ection was used to form the images so that the gray levels correspond to ter-
races, with intensities repeating every unit cell (three steps). Steps do not move during oxidation of 
several layers showing that step sites are no more reactive than terrace sites. (Reprinted with permis-
sion from Ross and Gibson, © 1991 by the American Plysical Society.) (B) Two images of an Si(001) 
sample observed before and after oxidation in air at room temperature. A 1/4 (220) forbidden refl ec-
tion was used to form these images. The steps do not move on this surface either.

Figure 6–15. Oxidation of a block oxide structure. High-resolution image of an Nb22O54 crystal after 
heating by the electron beam and exposure to 15 mbar oxygen. The partly oxidized structure consists 
of microdomains of Nb10O25 (arrowed) in an Nb22O54 matrix. These images have been used to identify 
the structure of the Nb10O25 phase and the complete oxidation sequence from Nb12O29 to Nb10O25 has 
been determined using in situ experiments. (From Sayagues and Hutchison, 2002 with permission 
from Elsevier.)
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A

B

Figure 6–16. Carbon nanostructure 
growth in situ. (A) For mation of diamond 
in situ. Poly hedral graphitic particles 
were produced by arc-discharge and 
were transformed into perfectly spheri-
cal onions by electron beam irradiation 
above 600K. The decreasing distance 
between shells toward the center showed 
that the onions are in a state of high self-
compression. The nucleation of cubic 
diamond occurs in the centers of the 
onions during irradiation above 900K, 
and the diamond grows until, surpris-
ingly, almost all the onion shells are con-
sumed. (a) After 2 h of irradiation at 
1.25 MeV and 20 mA cm−2. (b) After a 
further hour of irradiation. A typical 
twin is visible in the diamond. High 
pressure appears necessary to nucleate 
the diamond, but further growth is by 
beam-induced defects. (Reprinted with 
Permission from Banhart, © 1997. Amer-
ican Institute of Physics.) (B) Growth of 
multiwalled carbon nanotubes by cata-
lytic chemical vapor deposition. Bright-
fi eld images showing an Ni-SiO2 catalyst 
(a) exposed to H2 at 450°C; (b) after 
exposure to acetylene (300 mTorr of an 
H2–C2H2 mixture), and (d) another part 
of the sample after 3 min. The arrows 
show an individual Ni particle. At higher 
temperatures single-walled tubes 
formed but with catalysts present at the 
bases rather than the tips of the tubes. 
(Reprinted with permission from 
Sharma and Iqbal, © 2004. American 
Institute of Physics.)
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generates point defects which deform the graphitic sheets, forming 
new structures (Ugarte, 1992; Banhart, 1997), while irradiation of mate-
rials such as Cu implanted with C causes graphitic onions to grow (Abe 
et al., 2002). Familiar or new C and BN structures, and even formation 
of diamond from graphite, can thus be observed in situ (Ugarte, 1992; 
Ru et al., 1996; Niihara et al., 1996; Banhart, 1997, 1999, 2003; Bengu and 
Marks, 2000; Roddatis et al., 2002; Troiani et al., 2003; Gloter et al., 2004; 
Wang et al., 2005).

Carbon nanotubes are of particular interest, and can be grown in situ 
by introducing a precursor gas such as methane, propylene, or acety-
lene over a catalyst (Sharma and Iqbal, 2004; Sharma et al., 2005). 
During growth, individual catalyst particles change their shape, and 
nucleation sites can be identifi ed (Helveg et al., 2004). Once grown, 
carbon nanotubes can be modifi ed with the beam (Terrones et al., 2000, 
2002) to produce more complex structures.

3.5 Epitaxial and Polycrystalline Thin Film Growth

The experiments in Section 3.4 have shown the exciting possibilities 
for controlled environment growth of nanostructures. Continuous thin 
fi lms can also be grown in situ, and this allows important processes 
such as nucleation, development of surface morphology, and relaxation 
to be observed. Although some studies describe polycrystalline fi lm 
growth (for example Al; Drucker et al., 1995), most systems examined 
in situ have been epitaxial. These include Au on MgO (Kizuka and 
Tanaka, 1997a, b), Ge on Si (see below), and silicides on Si (Section 2). 
These experiments can provide detailed and quantitative information 
if growth conditions such as fl ux and temperature are calibrated 
carefully.

The most detailed studies have examined Ge and SiGe epitaxy on 
Si. This is a “test system” for studying epitaxial growth phenomena 
which also has great relevance to the development of microelectronic 
devices. A true UHV environment is required for the experiments, as 
the Si substrate foil is cleaned by heating in UHV to above the oxide 
desorption temperature. Growth is then carried out by UHV-CVD 
using gases such as disilane or digermane. Growth was observed by 
Krishnamurthy et al. (1991) in STEM, and by Minoda and Yagi (1996) 
and Ichikawa et al. (1998) in REM. But most work in this system has 
been carried out using conventional weak beam imaging in plan view, 
giving the highest sensitivity to strain fi elds (Figure 6–17). LeGoues et 
al. (1996) and Hammar et al. (1996) grew Ge on Si(111) and (001) in situ, 
clearly imaging the initial surface reconstruction, the nucleation of Ge 
islands, and later their growth and coalescence. The structures pro-
duced depend strongly on growth conditions. By varying the parame-
ters, a range of fascinating phenomena now known to be common in 
other epitaxial systems was observed, such as the change in island 
shape during the introduction of stress-relieving dislocations (LeGoues 
et al., 1994, 1995). The range of structures observed in these studies 
would have been tedious to capture ex situ, and dynamic phenomena 
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Figure 6–17. Ge island nucleation, growth, and relaxation. (A) Island coarsening. A series of video 
frames showing stages of island growth within a 0.5 µm × 0.5 µm area. Growth conditions were 5 × 
10−7 Torr Ge2H6 and 650°C. Weak beam images were acquired in a (g, 3g) condition with g = 220. The 
time of each frame after “nucleation” (fi rst appearance of islands) is given. (B) The time evolution of 
every island within the area. (C) A simulation showing the fate of islands with different initial sizes, 
based on a modifi ed Ostwald ripening process in which islands coarsen but also undergo a shape 
transition at Vc. The scale of the plot is chosen to match the data shown in (b). (Reprinted with permis-
sion from Ross et al., © 1998 by the American Physical Society.) (D) The introduction of dislocations 
into a partially relaxed island. Images were obtained 59, 94, 96, and 140 min after the beginning of 
growth, with the last three images taken within 1 s of each other. Growth conditions were 650°C and 
10−6 Torr of 10 : 1 He : GeH4. Only dislocations in the dark part of the image can be seen (D1–D3). (From 
Hammar et al., 1996 with permission from Elsevier.)

such as island shape changes and the essential role of Ostwald 
ripening (Ross et al., 1998) would not have been detected without the 
use of in situ TEM. Changes caused by the presence of surfactants 
during growth have also been examined in situ (Maruno et al., 1996; 
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Portavoce et al., 2004). It is interesting to note that complementary 
studies using in situ LEEM have been important in fully understanding 
growth in the SiGe system, as LEEM is more sensitive to surface struc-
ture (e.g., Ross et al., 1999b).

When low Ge content (say 15%) SiGe is grown on Si, islands are not 
seen, but instead a continuous fl at layer forms. When suffi ciently thick, 
this fi lm relaxes by introduction of dislocations. The motion of these 
dislocations can be measured during fi lm deposition and compared 
with dislocation dynamics during post-growth annealing, which will 
be discussed in Section 5. Interestingly, the parameters governing dis-
location motion are different during growth, where the surface is H 
terminated, versus during annealing, where the surface is oxidized 
(Stach et al., 1998b, 2000). A higher kink nucleation rate under the oxi-
dized surface, perhaps due to surface stress or increased point defects, 
is the probable cause. This is important for modeling relaxation during 
device processing, and shows once again the unique information that 
can be obtained when materials are observed during growth rather 
than ex situ.

3.6 Crystal Growth on Patterned Surfaces

An interesting extension of the growth studies described above is the 
study of crystal growth on a non-uniform substrate. By carrying out 
growth on substrates which have been patterned to create areas of dif-
ferent reactivity, strain, or topographic contrast, the effect of these 
parameters on growth may be visualized directly and even quantita-
tively, if kinetic data is obtained.

Again, most work has been done in the SiGe system, motivated by 
an interest in controlling island self-assembly for fabricating novel 
electronic devices. It is well known that if Ge is deposited on patterned 
Si, islands form at positions aligned with the topography. In situ mea-
surement of nucleation times at different locations (Ross et al., 2004) 
showed that this is controlled by competition between edge adsorption 
of adatoms and terrace nucleation. Patterns may also be created with 
a focused ion beam. At low doses, this forms a shallow topography 
(Figure 6–18A) that is suffi cient to control nucleation and alter wetting 
layer thickness (Kammler et al., 2003; Portavoce et al., 2006). In these 
experiments the focused ion beam gun was installed in a chamber 
connected to the TEM by UHV. The inclusion of surface processing 
tools that are not in situ (i.e., in the polepiece) but are within the 
microscope’s vacuum system enables a wider range of processes to be 
carried out controllably.

A second example also relates to semiconductor nanostructures: 
vapor-liquid solid growth of nanowires. Here, a droplet of liquid eutec-
tic catalyzes growth to form elongated wirelike structures. This process 
has been imaged in situ in plan view, allowing wire growth to be 
observed qualitatively, in Si/Au (Wu and Yang, 2001), Si/Fe (Zhou et 
al., 2002), and GaN (Stach et al., 2003). In GaAs/Au (Persson et al., 
2004), post-growth heating of wires was used to deduce an alternative 
mechanism, vapor-solid-solid growth. If experiments are performed in 
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refl ection geometry, however, growth kinetics can be measured quan-
titatively (Figure 6–18B). Such studies demonstrate effects that are not 
expected from the basic growth model, such as surface faceting (Ross 
et al., 2005) and catalyst diffusion during growth (Hannon et al., 
2006).

3.7 Summary

In this section we have highlighted insights in surface physics and 
crystal growth derived from in situ TEM. Experiments in this fi eld, 
while often requiring dedicated equipment with complex additional 
preparation chambers, provide information that is diffi cult or impos-
sible to obtain using other techniques. Continuous and direct observa-
tion in situ avoids artifacts arising from ex situ observation, which may 
be especially signifi cant for growth studies. It is particularly encourag-
ing that realistic growth conditions can be accessed in the TEM, 
enabling in situ studies of, for example, catalysis or CVD to be related 

A

B

Figure 6–18. Growth on patterned 
substrates. (A) Bright fi eld image of 
a Si substrate with g = 220, recorded 
directly after focused ion beam pat-
terning using an irradiation time of 
0.1 ms per feature (left). After anneal-
ing followed by deposition of Ge at 
650ºC and 5 × 10−8 Torr; (g, 3 g) weak 
beam image with g = 220 (right), 
showing islands (small dots) on the 
irradiated areas. (Reprinted with 
permission from Kammler et al., 
2003. American Institute of Physics.) 
(B) Growth of an epitaxial Si nanow-
ire by the vapour-liquid-solid mech-
anism, at 620ºC and 3 × 10−6 Torr 
Si2H6 with times in seconds indi-
cated. The wire direction is (111) and 
the viewing direction is near (01-1) 
in this dark fi eld g = 220 series. The 
Au-Si droplet is visible on the end of 
the wire. As growth continues, the 
droplet shrinks due to diffusion of 
Au down the wire surface, causing 
the wire diameter to decrease with 
it.
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to their counterparts in the outside world. Indeed, the relevance of in 
situ TEM to the catalyst and microelectronics industries is shown by 
the presence of environmental microscopes in several industrial 
laboratories.

Opportunities clearly exist for further study. Growth on patterned 
surfaces, prepared if necessary with integrated processing tools in the 
TEM system, seems a particularly exciting way to examine the funda-
mental processes controlling growth and to fabricate nanoscale objects 
with particular properties. Another potentially signifi cant area is the 
correlation of structural or kinetic in situ measurements with macro-
scopic properties such as stress. Stress may be measured by depositing 
onto a crystalline membrane whose curvature can be observed. This 
may provide insight into the important processes associated with 
coalescence and grain boundary motion during polycrystalline fi lm 
growth, as well as stress relaxation mechanisms in epitaxial fi lms.

4 Magnetic, Ferroelectric, and Superconducting 
Materials

It is happily convenient that magnetic and ferroelectric domain walls 
and magnetic fl ux vortices can be visualised relatively easily in the 
TEM using several different imaging modes. This provides us with the 
opportunity to study the dynamics of ferromagnetic and ferroelectric 
domain switching, as well as interesting phase transformations associ-
ated with magnetic, ferroelectric, and superconducting materials. 
Holography or Lorentz imaging, either in Fresnel or Foucault mode, 
can be used to visualise magnetic domain walls and fl ux vortices, 
while ferroelectric domains can be observed through their strain fi eld 
or defect structure. By applying a varying magnetic or electric fi eld to 
the sample, or by changing its temperature, we can modify its magnetic 
or ferroelectric structure and correlate the change with the physical 
microstructure. Such experiments have provided insight into domain 
boundary dynamics, useful in modeling the workings of storage media 
or memory elements, as well as providing compelling illustrations of 
the motion of fl ux vortices through superconductors.

4.1 Magnetic Domain Motion in Ferromagnetic Materials

The interesting physics and industrially important applications of 
magnetic materials have generated a strong in situ experimental effort 
in this area. Studies have been motivated by a desire for a basic under-
standing of magnetic phenomena, as well as by the use of magnetic 
materials in storage, sensor, and other applications, where the magne-
tization of small regions of a material has to change controllably and 
reversibly many times. The most powerful experiments have related in 
situ observation of, say, the micromagnetic changes during a hysteresis 
cycle to the macroscopic magnetic properties. This allows us to under-
stand, for example, the volume fraction of ferromagnetically or antifer-
romagnetically coupled regions in a material, or the structural reasons 
for an imperfect coupling of adjacent layers.
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To carry out in situ magnetic experiments, two components are 
required: the ability to apply a controlled fi eld to the specimen, and 
appropriate imaging capabilities for resolving its magnetic structure. 
Also useful is the ability to heat or cool the sample so that phenomena 
can be studied around the Curie temperature.

For applying a controlled magnetic fi eld, it is preferable if the micro-
scope is designed so that the sample sits in a fi eld-free or low-fi eld 
region. However, if a conventional microscope is used, the objective 
lens can be switched off, and the magnifi cation this lens usually sup-
plies can be achieved with the other lenses. The controlled magnetic 
fi eld can then be applied using coils placed in the column or on the 
specimen holder. Several different designs of specimen holders incor-
porating coils have been developed to generate in-plane and out of 
plane fi elds, preferably without shifting the beam (for recent examples 
see Uhlig et al., 2003 and Yi et al., 2004). An alternative holder geometry 
(Park et al., 2005) uses a sharp needle made of a permanent magnet to 
produce a strong fi eld near the specimen. A simpler solution that does 
not involve modifi cation of the sample holder is to tilt the sample in an 
excited objective lens, thereby changing the fi eld it experiences. This 
has been used to good effect in the experiments on superconductors 
described in Section 4.2.

Several imaging techniques are available for magnetic structures. 
These are described in detail elsewhere (Zhu and De Graef, 2001), and 
include holography, Lorentz imaging in the Fresnel (easier) or Foucault 
(higher resolution) modes, and the differential phase contrast tech-
nique. These techniques have been used extensively to examine static 
magnetic structures, but here we discuss only experiments where the 
magnetic structure is deliberately changed. Such experiments have 
been carried out on single crystals, thin fi lms (often of complex multi-
layers), and patterned magnetic elements.

4.1.1 Thin Film Magnetic Materials
The motion of domain walls in polycrystalline magnetic materials has 
been studied for over 30 years to determine how domain walls move 
in perfect materials, how they interact, and how grain boundaries and 
other defects alter their motion by pinning. For example, macroscopic 
hysteresis loops have been correlated with pinning and domain size in 
Co/Pt (Donnet et al., 1993), and during magnetization reversals in Nd-
Fe-B, the grain structure has been shown to affect the mechanism and 
motion of the domain boundaries (Thompson et al., 1997; Volkov and 
Zhu, 2000).

Interesting and complex functionalities can be obtained by fabricat-
ing multilayered materials where each layer has different magnetic 
properties. For example, two ferromagnetic materials separated by a 
conducting layer can show giant magnetoresistance properties which 
have applications in nonvolatile magnetic random access memory and 
magnetoresistive read head technologies. When one ferromagnetic 
layer is “pinned” by an adjacent antiferromagnetic layer, multistep 
hysteresis loops make the structures suitable for spin valves or spin 
tunnel junctions. Magnetic tunnel junctions made of two (or more) 
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magnetic layers separated by an insulating tunnel barrier can also be 
used for storage or sensing. Details of the magnetization reversal 
mechanism (for example, whether it occurs by domain nucleation and 
growth or by spin rotation), and the relationship of the hysteresis loop 
to the microstructure (interface roughness and grain size) are open 
questions in these interesting multilayers. For NiFe/Al-oxide/Co and 
Co/NiFe/Al-oxide/NiFe multilayers, Lorentz imaging in Fresnel mode 
(Yu et al., 2002a, b) showed the process of magnetization reversal by 
wall motion and rotation (Figure 6–19), and the relationship of grain 
size and texture to domain wall motion. Lim et al. (2002, 2004) exam-
ined reversal in the complex structures such as PtMn/CoFe/Ru/CoFe/
Cu/CoFe/NiFe used in advanced spin valves, while Portier et al. (1999a) 
studied the effect of heating on Ta/NiFe/Cu/Co/MnFe/Ta fi lms to 
model thermal damage in spin valves. In IrMn/CoFe fi lms, in situ 
experiments showed that magnetization reversal must overcome two 
energy barriers, explaining the asymmetry in the reversal behavior 
and other features of the hysteresis loop, as well as the dependence of 
the properties on the layer thicknesses (Y.G. Wang et al., 2002). It is 
clear that in situ experiments provide a unique way of studying the 
properties of the ever more complex multilayers being developed for 
modern read heads and other applications.

4.1.2 Small Magnetic Elements
Since most applications of magnetic materials require the material to be 
patterned into small elements, it is naturally useful to examine the 
behavior of individual elements in situ. Typically an electron transparent 
substrate such as a SiN layer is used, on which magnetic elements of 
different shapes and sizes are patterned using electron beam lithogra-
phy. The elements may either be far apart so that they can be studied in 
isolation, or near their neighbours so that crosstalk can be observed. It 
is possible to perform micromagnetic simulations of the complete struc-
tures, to provide a way to understand the microstructural observations 
and relate them to macroscopic measurements of hysteresis loops.

A switching experiment carried out on arrays of Co elements is 
shown in Figure 6–20 (Volkov et al., 2004). Such experiments have 
allowed the switching fi eld of several materials to be measured (e.g., 
K.J. Kirk et al., 1999). Permalloy (NiFe) elements have been particularly 
closely examined (Johnston et al., 1996, McVitie and Chapman, 1997, 
Schneider et al., 2001, 2002, 2003, X.X. Liu et al., 2004, Lau et al., 2005). 
These studies showed how the different confi gurations of remanent 
magnetization and the process of magnetization reversal depend on 
the aspect ratio and symmetry of the elements, as well as the tempera-
ture, and how the reversal rate of the fi eld affects the fi nal domain 
confi guration. Multilayer elements can also be studied, and by examin-
ing spin valve elements, Portier and Petford-Long (2000) showed that 
certain end shapes allowed easier switching by enabling 360º domain 
walls to form. Analogous phenomena occur when arrays of holes (anti-
dots) are patterned in an otherwise continuous fi lm. In Permalloy, 
antidots alter the domain structure and reversal mechanism (Toporov 
et al., 2000).
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Figure 6–19. Magnetization of a multilayered 
fi lm in situ. Lorentz Fresnel images (a–k) of the 
magnetization process for an NiFe/Al-oxide/Co 
junction fi lm. The direction of the applied fi eld 
H is indicated. All images are of the same area. 
Also shown is the normalized magnetization vs 
applied fi eld for the same fi lm. The correspond-
ing domain structure at different fi eld values 
along the hysteresis loop is shown. (Reprinted 
with permission from Yu et al., © 2002a. Ameri-
can Institute of Physics.)
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An interesting extension of these in situ studies on magnetic ele-
ments has been the simultaneous measurement of resistivity. Using a 
holder in which the resistivity of a single lithographically patterned 
element can be measured while its magnetization is changed, Portier 
et al. (1997, 1998, 1999b) were able to correlate magnetoresistance with 
the magnetic domain structure. Studies on single spin valves made of 
multilayers such as NiFe/Cu/Co/NiFe/MnNi allowed magnetoresis-
tance to be correlated with the angle between the magnetization direc-
tions in the ferromagnetic layers. It was also possible to show the 
mechanism of magnetization reversal, and to demonstrate the effect of 
stray-fi eld coupling, which introduces edge domains, on the reversal 
mechanism.

4.1.3 Phase Transitions in Magnetic Materials
The industrial application of materials with giant magnetoresistance 
has stimulated study of an unusual class of materials which show 
colossal magnetoresistance. These are certain manganites with the 
perovskite structure, such as LaSrMnO3, which have both ferromag-

Figure 6–20. Magnetization of small elements. (A, B) In situ magnetization of two Co elements 25 nm 
thick and 6?m on a side on an SiN membrane. Images are shown as a function of decreasing applied 
fi eld, achieved by tilting the sample in a fi xed normal fi eld excited by the objective lens (160 Oe), and 
images are obtained using defocused Fresnel mode. Large and small arrows show the direction of the 
applied fi eld and local magnetization, respectively. The nucleation of the reverse domain is indicated 
with asterisks. Only the upper semiloop of the hysteresis curve is shown; the reverse process is some-
what alike but differs in the reverse switching fi eld. The processes observed in these images are 
coarsening of ripples, due to coherent spin rotation; nucleation and expansion of reverse domains; 
wall motion and spin rotation in the remaining domains; expulsion of unfavorable boundary domains; 
and edge annihilation. (From Volkov et al., 2004 with kind permission of Taylor and Francis Ltd.)
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netic and paramagnetic phases. The phase transition and mixed phase 
regions in these materials can be studied in situ in a cooling stage using 
electron holography. The nucleation of ferromagnetic domains can be 
observed on cooling (Yoo et al., 2004a), while in the mixed phase 
region, application of a magnetic fi eld creates channels connecting fer-
romagnetic regions, thereby changing the conductivity (Yoo et al., 
2004b). These studies help to explain details of the mechanism of colos-
sal magnetoresistance.

Another interesting class of magnetic materials is ferromagnetic 
shape memory alloys such as Ni2MnGa and CoNiAl. In these materials, 
the shape change may be induced by applying a magnetic fi eld. Again, 
in situ TEM using Lorentz imaging and a cooling stage (Murakami et 
al., 2002, Park et al., 2003) allows the correlation of the magnetic domain 
structure with the grain structure in these materials. Phase transfor-
mations in Ni2MnGa are shown in Figure 6–21. In experiments like this 
on bulk materials, the effects of varying sample thickness on domain 
motion should be considered in order to obtain the most quantitative 
results.

4.2 Superconducting Materials

In situ TEM has provided a fascinating glimpse into the dynamics of 
superconducting materials. Over the last several years, several groups, 
most notably that of Tonomura and coworkers, have observed the pres-
ence and dynamics of vortices in superconductors using in situ tech-
niques. Single vortices, with their magnetic fl ux of h/2e, have an 
observable effect on the phase of the imaging electrons. Thus Lorentz 
microscopy or holographic techniques can be used to determine their 
positions and characteristics. A medium or high voltage TEM with a 
cooling stage is used for these studies and the magnetic fi eld can be 
conveniently applied to the sample by tilting the sample in the existing 
fi eld of the objective lens.

These experiments have provided unique insights into the behavior 
of superconducting materials, in particular concerning the formation 
of vortex lattices, as well as vortex pinning, which must be controlled 
for practical applications of superconductors. Real time imaging has 
allowed vortex pinning and dynamics to be related to microstructural 
features for several superconducting materials (Figure 6–22). The 
motion of vortices was fi rst imaged in Nb foils below 5 K (Figure 6–
22A). The effects of grain boundaries on vortex motion were immediat-
edly visible (Harada et al., 1992, Bonevich et al., 1993; Tonomura, 2002). 
The role of dislocations in pinning vortices and nucleating locally 
ordered regions of vortices (the Abrikosov lattice) was demonstrated 
(Horiuchi et al., 1998). Nb specimens which had been irradiated with 
an FIB to produce artifi cial pinning centers showed fascinating vortex 
dynamics in which local regions of Abrikosov lattice formed and most 
motion took place at the boundaries of such lattices (Matsuda et al., 
1996). Regular arrays of vortices could be formed with period matching 
the pinning point period (Harada et al., 1996a). Vortex annihilation was 
also observed (Harada et al., 1997) and the interactions between vortices 
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Figure 6–21. Phase transformation in a magnetic material. (a–h) Bright-fi eld images and electron dif-
fraction patterns of the three phases of Ni2MnGa: the parent phase at 294K, intermediate phase at 
207K, and martensite at 170K (P, I, and M, respectively). Both the crystal structure (via diffraction) and 
the magnetic structure (magnetic domains observed by Lorentz microscopy) are visible. BC and DW 
represent the bend contours and the domain walls, respectively. (Reprinted with permission from Park 
et al., © 2003. American Institute of Physics.)

quantifi ed (Sow et al., 1998) by analyzing their motion through the foil. 
Most recently, asymmetric (one-way) motion of vortices has been con-
trolled by FIB-patterning asymmetric channels (Togawa et al., 2005).

For high temperature superconductors, with their potentially wide 
range of applications, the pinning of vortices is weak and therefore 
particularly important to understand and control. Harada et al. (1996b) 
showed that, in these materials, vortex dynamics also depend on the 
defects present. The effects of artifi cial pinning centers are highly 
temperature dependent, giving useful insight into the different mecha-
nisms active (Tonomura et al., 2001). Furthermore, the vortices adopt 
unusual chainlike arrangements in these superconductors (Matsuda et 
al., 2001, Tonomura et al., 2002), as shown in Figure 6–22B. It is worth 
noting that a high voltage (1 MeV) TEM was required to obtain the 
necessary resolution for studying these materials (Tonomura, 2003).
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4.3 Ferroelectric Phenomena

Ferroelectric domain boundary motion due to an applied electric fi eld 
or stress has applications in information storage, and the piezoelectric 
properties of these materials make them interesting as sensors, actua-
tors and transducers. Two key issues in the development of ferroelec-
tric devices are fatigue, in other words the change in boundary 
dynamics resulting from repeated cycling, and the effects of fi lm thick-
ness and electrode material on boundary dynamics. Polarized optical 

A
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Figure 6–22. Vortex motion in superconductors. (A) Pinning of vortices in Nb. Typical interaction 
between the vortex lattice and an array of defects produced in an Nb thin foil by irradiation with a 
Ga+ focused ion beam. In the fi rst image, obtained at 4.5K, the pinning site acts as a domain boundary, 
while at higher temperatures (8K, lower image) pinning points typically act as cores of edge disloca-
tions in the lattice. (From Harada et al., 1997b with permission from Elsevier.) (B) A series of Lorentz 
micrographs of vortices in fi eld-cooled Bi-2212 fi lm at 50 K when a magnetic fi eld Bz perpendicular to 
the layer plane is applied. The in-plane magnetic fi eld Bx is fi xed at 5 mT. (a) Bz = 0 (b) Bz = 0.02 mT. 
(c) Bz = 0.1 mT. (d) Bz = 0.17 mT. The arrangement of the vertical vortices in chains is marked with 
arrows. These chains are caused by interactions with horizontal vortices produced by the in-plane 
fi eld. (Reprinted with permission from Tonomura et al., © 2002 by the American Physical Society.)
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microscopy and AFM have been used successfully to investigate the 
overall features of boundary motion, but naturally TEM is unparalleled 
in its ability to relate the microstructural features within the material 
to boundary motion. In situ experiments are usually carried out by 
using a specimen holder with electrical connections to apply an electric 
fi eld, although domain motion during heating and straining has also 
been studied. A heating biasing holder is preferable as it allows domain 
dynamics to be studied at different distances from the transition 
temperature.

Ferroelectric biasing has been carried out both on mechanically 
thinned polycrystalline or single crystal samples, and on thin fi lms 
deposited on a substrate. Depending on the material geometry, the 
electrical contacts may either both be on top of the sample or one on 
each surface. As in other experiments, for quantitative analysis a well 
controlled specimen and fi eld geometry is important. Changes in 
sample thickness may change the area of domain walls and therefore 
infl uence kinetics. Furthermore, as we show below, defects affect wall 
motion, so the defects introduced during sample preparation must be 
minimized. For all these reasons, experiments on bulk materials may 
provide more qualitative information, whereas thin fi lms, especially 
on substrates which can be made into electron transparent membranes 
with a controlled electrode geometry and with minimal processing, 
provide the best opportunity for quantitative results. For example, thin 
fi lm studies provide the opportunity to understand the “dead layer,” 
in which surface pinning retards domain motion.

Domain motion has been observed under electron beam heating, for 
example in K(Ta,Nb)O3 (Xu et al., 1993), and during straining, for 
example in ferroelastic zirconia (Baufeld et al., 1997). Most studies, 
however, have used in situ biasing or controlled heating to achieve 
domain motion. The most detailed results have come from studies of 
BaTiO3 and related materials. For example, Ren et al. (1994) observed 
domain wall motion in PbTiO3, while Snoeck et al. (1994) observed 
domain growth in BaTiO3 by tip motion and then by lateral wall motion, 
and noted defects along the domain boundaries. Krishnan et al. (1999, 
2000, 2002; Figure 6–23) observed different modes of domain wall 
motion in BaTiO3 and KNbO3 under heating, biasing, and UV irradia-
tion. These studies showed that the motion of 90o boundaries depends 
on their curvature and on locking interactions with neighboring 
domains, and that motion may occur by rippling rather than rigidly. 
Interestingly, images showed the presence of trapped charge at curved 
or tilted boundaries or at domain tips. The buildup of charge at bound-
aries observed in situ may be important in fatigue.

In relaxor ferroelectrics such as Pb(Mg,Nb)O3-PbTiO3, cracking is 
important in piezoelectric applications. The structures of domain wall 
intersections has been characterized in these materials (Tan and Shang, 
2004a, b; Tan et al., 2005). Cycling the electric fi eld causes cracking in 
the TEM specimens, thereby providing information on crack propaga-
tion pathways along domain walls (Xu et al., 2000; Tan et al., 2000, 
2005).
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Figure 6–23. Domain wall motion in ferroelectrics under biasing. Bright fi eld images of single crystal 
KNbO3 viewed close to the [010] direction. (a) Before applying an E-fi eld. (b) After applying the fi eld. 
Initially, numerous needle-like 90º domain walls as well as dislocations (dark wiggly features) and 
other domain wall geometries (vertical stripes) exists. On application of the fi eld, the needle like walls 
move readily, coarsening the domain structure and forming straighter walls which then move less 
easily. This is because curved and tilted 90º domain walls (indicated by 1) must support a geometri-
cally required Maxwellian displacement charge hence experience a direct force from an applied fi eld, 
while charge-neutral domain wall regions (indicated by 2) do not experience a direct force. This sug-
gests an intrinsic mechanism of fatigue. (Reprinted with permission from Krishnan et al., © 2000. 
American Institute of Physics.)
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By analogy with the magnetic phase transitions described in Section 
4.1.3, ferroelectric phase transitions may be examined by applying 
an electric fi eld in situ. An example is the electric fi eld-induced trans-
formation of incommensurate modulations in Sn-modifi ed Pb(Zr,Ti)O3 
(He and Tan, 2004, 2005). Other ferroelectric materials, such as 
Ba2NaNb5O15, show interesting incommensurate phases on heating or 
cooling, and these have been studied in situ for several decades. For 
Ba2NaNb5O15, the incommensurate to tetragonal phase transition has 
been examined in diffraction (Pan et al., 1985; S. Mori et al., 1997). The 
nucleation of the incommensurate phase can be investigated (Verwerft 
et al., 1988) as well as the effect of beam-induced defects on the phase 
transformation (Barre et al., 1991).

We have seen that many ferroelectric phenomena have been exam-
ined using electric fi eld and/or hot stage TEM. But it is worth noting 
that, in comparison with magnetic studies of reversal phenomena, the 
study of ferroelectric materials has not been as quantitative. As with 
the magnetic studies, it may be possible to combine simulations with 
in situ studies on patterned ferroelectric elements (Lin et al., 1998), 
perhaps prepared using focused ion beam processing, to obtain a more 
detailed understanding of switching and phenomena such as surface 
effects and fatigue.

4.4 Summary

In situ experiments have provided a persuasive demonstration of the 
dynamic processes within superconducting, magnetic, and ferroelec-
tric materials: domain motion, fl ux vortex arrays, and pinning. In 
the future, where applications of nanostructured ferroelectric and fer-
romagnetic materials in storage and microelectronic devices may 
become even more important, in situ techniques are ideally suited to 
analyze switching and fatigue effects. This will be especially useful 
in combination with nanoscale patterning to create well-defi ned 
geometries. We envisage interesting results if such studies are com-
bined with high speed imaging techniques as well as 3D analysis 
techniques, such as tomography, for boundary or vortex confi gura-
tions. However, it is also worth noting that real materials are buried 
within structures, giving boundary conditions for the electric, mag-
netic, and strain fi elds which are different from those found in a TEM 
foil. Care must be taken that this does not limit the utility of in situ 
TEM. For modeling real life systems, these effects must be included, 
perhaps by imaging at higher voltage or using tomographic or other 
analytical techniques to pick out the material of interest from within 
a complex structure.

5 Elastic and Plastic Deformation

TEM is well suited for studying the mechanical properties of materials. 
Under appropriate conditions, TEM is very sensitive to lattice distor-
tion, allowing observation of both elastic and plastic deformation via 
strain fi elds. In situ deformation studies aim to impose a known stress 
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on a sample and measure the response quantitatively. This may be 
achieved using a straining stage to pull the specimen uniaxially or 
biaxially with piezo or mechanical linkages. Alternatively, stress can 
be imposed by heating samples with a thermal expansion mismatch 
or an inbuilt stress, such as epitaxial fi lms. Straining can even be 
carried out in a controlled atmosphere to simulate phenomena such as 
hydrogen embrittlement. The sample itself may be a thin fi lm, a nano-
structure or a bulk material, perhaps notched to initiate cracks. The 
information from in situ experiments is important because deformation 
is a bulk process and so requires a technique that can see deep into 
the specimen; surface techniques can not give the whole picture, even 
if the signature of dislocations can sometimes be seen on the surface. 
Of course TEM samples are thin in the beam direction so have free 
surfaces nearby, a factor that must be considered in interpreting results. 
This can actually be put to good use, though, in studies of tribology or 
the deformation of individual nanostructures in situ.

5.1 Microscopic Phenomena during Deformation of 
Bulk Materials

Structural changes during deformation, such as grain boundary 
motion, dislocation motion, and cracking have been studied in situ for 
just about every class of bulk material. These experiments have yielded 
useful information on dislocation interactions, pinning, the transfer of 
strain across boundaries, and the effects of temperature. This area has 
a history going right back to the start of high voltage microscopy, and 
a review of the fi rst, pioneering work can be found in Butler and Hale 
(1981). Here we discuss some recent studies on metals, ceramics, semi-
conductors and alloys. Most experiments require straining stages 
which are also capable of heating, up to very high temperatures in 
some cases. Design rules for such extreme heating and straining holders 
are discussed by Messerschmidt et al. (1998) and Komatsu et al. (1994). 
Other studies examine the mechanical response of materials to irradia-
tion and will be discussed in Section 8.

5.1.1 Deformation Phenomena in Single Crystals and 
Polycrystalline Materials
For single crystals, it is possible to relate an applied stress to the motion 
and interactions of specifi c types of dislocations. In situ observations 
provide detailed measurements of dislocation generation and multipli-
cation mechanisms, as well as geometry, dissociation, interactions, and 
slip systems (Figure 6–24A). Studies on polycrystalline materials, on 
the other hand, allow us to understand the important process of strain 
transmission across grain boundaries. Heating, straining, and heating/
straining experiments have been the focus of several groups, and com-
prehensive reviews are available (Messerschmidt et al., 1997; Mori, 
1998; Pettinari et al., 2001; Vanderschaeve et al., 2001; Messerschmidt, 
2003).

We fi rst consider metals and alloys. Dislocation motion has been 
studied in single crystals such as Mg, Cu, and Al at moderate tempera-
ture, while refractory metals require high temperatures (Mori, 1998). 
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Most studies apply a uniaxial stress, although, for example, cyclic 
shearing of Al single crystals has been described (Kassner et al., 1997). 
Plastic deformation does not always require dislocation generation or 
motion, and in V, Mo, and other bcc metals, deformation may occur by 
formation of point defects rather than dislocations. This too can be 
observed in situ with appropriate diffraction and imaging techniques 
(Komatsu et al., 2003; Figure 6–24B). The challenge in all these strain-
ing experiments is to make them quantitative. One interesting tech-
nique for the measurement of local stress is through the curvature of 
dislocations between pinning points (Pettinari et al., 2001).

As an intermediate case between single crystal and polycrystalline 
metals, bicrystals provide the opportunity to apply the precision of 
single crystal experiments to studies of strain transfer across boundar-
ies. For example, in symmetric Σ 3 Fe-4 at.% Si bicrystals, Gemperlova 
et al. (2002) determined the primary slip system and studied the par-
ticular slip systems which can transmit stress across the boundary.

For polycrystalline metals, deformation can be investigated for thin 
fi lms by either straining or heating. TEM is well suited to these thin 
fi lm studies, although the sample geometry must still be controlled (for 
example with respect to thickness uniformity) to avoid artifacts, and 
surface passivation can affect the results. Straining experiments have 
shown, for example, that the failure mode of polycrystalline Ni fi lms 
depends on grain boundary structure (Hugo et al., 2003). Thermal 
cycling experiments show grain boundary motion (see Section 2.1.3) 
and the interactions of dislocations with grain boundaries and precipi-
tates (e.g., Kaouache et al., 2003). For thin Cu and Al fi lms, the higher 
yield stress known for these materials has been related to particular 
types of dislocation motion (Dehm and Arzt, 2000; Balk et al., 2003). 
Threading dislocation motion and the effect of the passivation layer 
have also been studied (Keller-Flaig et al., 1999; Legros et al., 2002). 
Recent progress with nanoindentation stages (Section 5.3.1) and the 
development of specimens incorporating microelectromechanical 
(MEMS) free-standing fi lms (Section 5.1.2) promise further develop-
ments in understanding the deformation of polycrystalline fi lms in the 
future.

We now consider intermetallics, which have been examined in situ 
to understand the mechanism of their high temperature toughness and 
phase transformations. Generally, dislocation dynamics change as a 

Figure 6–24. Deformation of bulk crystals. (A) Dislocations moving away from a localized source 
during in situ deformation of a MoSi2 single crystal at ~900ºC. The loading axis is [201], which is a soft 
orientation, and dislocations of Burgers vectors 1/2 <111> are activated on {110} planes. The traces of 
these slip planes run horizontally. Owing to the generation of these dislocations in localized sources, 
as shown here, planar slip dominates. The foil plane is (010) and g = [220]. (From Messerschmidt et 
al., © 1998. Courtesy of Cambridge University Press.) (B) Deformation of a refractory metal, V, without 
formation of dislocations. Diffraction patterns are obtained near the crack tip during deformation of 
a notched foil. As the internal stresses increase, the spots expand perpendicularly to the crack so 
appear elongated. (The central spot is masked to prevent overexposure.) Images do not show clusters 
of point defects in V, unlike the case of Au strained under the same conditions. (From Komatsu et al., 
2003 with permission from Elsevier.)
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function of temperature in these materials (e.g., Haussler et al., 1999). 
Dislocation interactions, cross slip, and nucleation of loops control 
work hardening, ductility, and the critical resolved shear stress (Legros 
et al., 1996, 1997; Legros and Caillard, 2001). Dislocation motion during 
creep has also been examined (Malaplate et al., 2004).

Polysynthetically twinned TiAl crystals have lamellar structures 
with well-defi ned boundaries. By analogy with the bicrystal experi-
ments, strain propagation across these boundaries can be quantifi ed in 
situ (Zghal et al., 2001; Pyo and Kim, 2005). Transformations in shape 
memory alloys have already been mentioned in Section 2, and in situ 
straining experiments relate the microstructural changes during defor-
mation to the stress-strain response (Jiang et al., 1997; Dutkiewicz et 
al., 1995; Gao et al., 1996). The cracking of intermetallics is also impor-
tant in applications. Dislocations emitted at a crack tip can be analyzed 
(in NiAl; Caillard et al., 1999), and amorphization can be detected at 
crack tips (in NiTi ordered alloys; Watanabe et al., 2002).

Quasicrystals have interesting mechanical properties and disloca-
tion geometry. In situ heating and straining experiments have led to 
the identifi cation of shear systems and models for dislocation motion 
in these materials (Messerschmidt et al., 1999; Messerschmidt, 2001; 
Caillard et al., 2002; Mompiou et al., 2004; Bartsch et al., 2005).

Ceramics have been important subjects of study since the 1970s, with 
an interest in comparing dislocation motion at lower and higher tem-
peratures (e.g., in zirconia, Messerschmidt et al., 1997; alumina, Komatsu 
et al., 1994; MoSi2, Guder et al., 2002). In quartz, strain-induced phase 
transformations have been studied by combined straining/heating 
experiments (Snoeck and Roucau, 1992).

We fi nally consider semiconductors. Kinetic studies show that dis-
location motion is consistent with glide governed by the Peierls mecha-
nism (Vanderschaeve et al., 2001). From dislocation motion and pinning, 
the kink mean free path and formation and migration energies can be 
determined (Gottschalk et al., 1993; Vanderschaeve et al., 2000; Kruml 
et al., 2002). Radiation enhances the glide of dislocations by changing 
some of these parameters (Section 8). Most studies have used low reso-
lution, dark fi eld imaging to record dislocation motion, but it is actually 
possible to observe directly the thermal motion of kinks in Si using a 
high resolution forbidden refl ection imaging technique (Kolar et al., 
1996). This generates fascinating information. The kink formation 
energy and unpinning barrier can be derived from the distribution and 
pinning of individual kinks, and videos show directly that kink migra-
tion is the rate limiting step in dislocation motion. This technique 
should be applicable to other materials and is expected to lead to 
further advances in our understanding of dislocation motion (Spence 
et al., 2006).

5.1.2 Deformation of Multiphase, Composite, or Layered Materials
Deformation experiments in multiphase materials, such as dispersion 
strengthened alloys, are particularly important in materials develop-
ment, since they show how strain is transmitted between components. 
Dispersion strengthened Al alloys have been examined extensively, to 
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characterize the nucleation of dislocations at precipitates and their 
motion past precipitates (Vetrano et al., 1997; Hattenhauer, 1994). These 
phenomena are critical in high temperature deformation of such alloys. 
Other phenomena, such as grain boundary migration, coalescence, and 
elimination of subboundaries, occur during dynamic continuous crys-
tallization on loading in the TEM (Vetrano et al., 1995; Dougherty et 
al., 2003), with in situ studies helping to understand the processes. Steel 

Figure 6–25. Deformation in a Cu–Nb multifi lamentary composite. Nanocomposite materials are 
used in wires requiring high strength and high conductivity. This sample was prepared by cold 
drawing an Nb rod inside a Cu jacket several times until a composite was formed consisting of Cu–
17%vol–Nb with 107 Nb fi laments 40 nm across in Cu. The Cu channels have <111> texture, the Nb 
fi laments have <110> texture, and the Cu–Nb interfaces are semicoherent. The sequence of images 
shows the introduction of dislocations under an applied force of 8 N. At this point Cu is plastically 
deformed while Nb is still elastically deforming. The area shown is a Cu channel of width about 
100 nm (white) between two Nb fi laments (black). At the beginning of the sequence (image a), fi ve 
dislocation loops are present on parallel planes. A few seconds later the sixth and seventh loops appear 
(images b and c). By the end of the sequence 13 loops are present, and they have interacted to produce 
a honeycomb pattern (circles in images c–f). This dislocation behavior is used in a plastic fl ow model, 
which explains the very high ultimate tensile stress of fcc–bcc nanocomposite structures. (From Thilly 
et al., 2002, with kind permission of Taylor and Francis Ltd.)
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is of course another multiphase material whose behavior in situ has 
been studied for some time (Caillard et al., 1980); industrially relevant 
studies of dislocation motion and slip transmission through interfaces 
in steels continue (Verhaeghe et al., 1997; Janecek et al., 2000; Zielinski 
et al., 2003). Many other nanocomposite materials provide interesting 
examples of dislocation-interface interactions. One such is shown in 
Figure 6–26 (Thilly et al., 2002) and other work is reviewed by Louchet 
et al. (2001).

Techniques developed for multiphase materials extend easily to 
engineered multilayers, where the interaction of dislocations or cracks 
with interfaces is of interest. Cross sections of multilayers may be pre-
pared using a FIB to form a thin section at which cracks will initiate 
(Wall et al., 1995; Wall and Barbee, 1997). Alternatively, multilayers (or 
thin fi lms) may be integrated into a mechanical testing stage. One 
example is a piezo stage for cyclic loading of solder thin fi lms, use to 
show that cavitation is the dominant fatigue damage mechanism (Tan 
et al., 2002). In this stage, a multilayered structure is fabricated which 
includes the material of interest as well as a piezoelectric layer.

The future for thin fi lm and multilayer studies undoubtedly lies in 
extending this sort of approach, achieving controlled deformation 
using MEMS-based techniques. MEMS force sensors and displacement 

Figure 6–26. Dislocation motion in H atmosphere. Showing the effect of H on the mobility of disloca-
tions in 310S stainless steel. (a) dislocation confi guration in vacuum under constant load; (b) 35 Torr; 
(c) 90 Torr of hydrogen; (d) composite image formed by subtracting (c) from (a). (Reprinted with per-
mission from Robertson and Teter, © 1998 by the American Physical Society.)
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measurement systems can be integrated with the fi lm of interest, allow-
ing for quantitative experiments. Stages for uniaxial tensile testing of 
free-standing thin fi lms have already been demonstrated (Haque and 
Saif, 2003, 2004, 2005; Hattar et al., 2005), with initial results on poly-
crystalline Al thin fi lms, and other functionalities such as heating are 
under development (Zhang et al., 2005). We anticipate further exciting 
progress in this area.

5.1.3 Deformation in a Controlled Atmosphere
By combining mechanical testing with controlled environment TEM, 
a very important objective, understanding the mechanism of hydrogen 
embrittlement of steels, has been achieved (Figure 6–27). In situ strain-
ing experiments carried out in an environmental cell showed that 
solute hydrogen can increase the speed at which dislocations move 
through the material, as well as increasing the rate of crack propagation 
(Robertson and Teter, 1998; Teter et al., 2001; Sofronis and Robertson, 
2002). By quantitatively analyzing dislocation dynamics on adding and 
removing hydrogen, competing mechanisms for embrittlement could 
be distinguished. The hydrogen shielding model was confi rmed, in 
which the hydrogen-enhanced localized plasticity mechanism is the 
shielding of the dislocation from interactions with other strain centers 
such as pinning points, other dislocations, or solutes. Few other materi-
als have been strained in a controlled atmosphere, although Maeda et 
al. (2000) showed that the incorporation of hydrogen from a plasma 
increases the motion of dislocations in semiconductors. Further studies 
could provide a sensitive probe of dislocation properties and 
interactions.

5.2 Relaxation of Epitaxially Strained Materials

In this section, we consider another method of straining a material: 
growth of the material epitaxially on a lattice mismatched substrate. 
As the layer is deposited a high intrinsic stress builds up, and, once 
above a “critical thickness,” the layer may relax by forming a network 
of dislocations at the layer-substrate interface (Figure 6–27A, B). This 
phenomenon can be examined in situ. First, a layer thicker than the 
critical thickness is grown, but at a temperature that is too low to allow 
dislocation nucleation or propagation. Then a plan view TEM specimen 
is prepared and heated in situ, allowing relaxation to be observed as a 
function of temperature. The advantage of this type of experiment is 
that the stress state is very well defi ned, making this a situation where 
dislocation dynamics can be measured quantitatively. Such studies are 
motivated by their importance to the microelectronics industry, since 
the positions of individual dislocations, the density of threading arms, 
and the motion of dislocations during processing are known to affect 
device performance.

This work was carried out for the system Si1-xGex on Si, with x 
ranging from about 0.05 to 0.3 (Hull et al., 1989, 1991). Measurements 
of dislocation velocity as a function of layer parameters are shown in 
Figure 6–27C. For capped layers, the results supported the diffusive 
kink pair model of dislocation propagation, and for uncapped layers 
they showed that propagation is through motion of single kinks. 
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Figure 6–27. Dislocation dynamics in SiGe heterostructures. (A) Image showing the typical disloca-
tion structure in SiGe heterostructures. Plan-view TEM image of a relaxed 300 nm Si/150 nm Si80Ge20/
Si(001) heterostructure. Closely spaced interfacial dislocation pairs are segments of the same disloca-
tion loop at the top and bottom SiGe/Si interfaces. (From Stach et al., © 1998b Courtesy of Cambridge 
University Press.) (B) 220 g, 3 g weak-beam dark-fi eld micrograph of a threading dislocation segment 
connecting two interfacial dislocation segments. (From Stach et al., 1998b.) (C) Measured dislocation 
velocities compared with predictions of the double-kink theory for SiGe layers buried beneath a 
300 nm Si cap, as in (A). The Ge concentrations, x, and epilayer thicknesses are given on the graphs 
while the dislocation velocities are given in Angstrom s−1. The fi tting parameter used in the model is 
half the double-kink nucleation energy, taken as 1.0 eV. (Reprinted with permission from Hull et al., 
1991. American Institute of Physics.)
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Activation energies and prefactors were measured for dislocation 
nucleation and propagation. Note that a well calibrated system is neces-
sary if TEM-derived parameters such as activation energy are to be 
meaningful. In this case, the sample temperature was calibrated using 
Si regrowth (Section 2.1.1), and fi nite element analysis was used to 
determine the conditions under which sample bending could be 
neglected (Hull and Bean, 1994). The parameters determined in situ 
were eventually used in a processing model for microelectronic device 
design (Hull et al., 1989).

A similar experimental approach allows other features of the relax-
ation process to be examined as well. Dislocation nucleation has been 
studied in SiGe/Si implanted with F (Stach et al., 1998a) and with He, 
which forms platelets and bubbles (Follstaedt et al., 1997; Hueging et 
al., 2005). Although most work has been in the SiGe/Si system, a few 
other epitaxial systems have been studied as well, such as BaTiO3 on 
SrTiO3 (Sun et al., 2004), ZnSe on GaAs (Lavagne et al., 2001), and Al 
on Al2O3 (Dehm et al., 2002). Clearly, many other materials systems 
could yield useful information with this technique.

We fi nally note that dislocation confi gurations in thin fi lms, such as 
in Figure 6–27A, are somewhat random. However, in well controlled 
geometries—relaxed epitaxial islands, or surfaces with modulated 
stress fi elds—dislocation locations can be predicted accurately (Liu et 
al., 2000; Kammler et al., 2005). This suggests opportunities for in situ 
TEM to provide quantitative information on dislocation nucleation and 
growth in fi nite nanostructures with built in strain, such as epitaxial 
islands or composite wires or ribbons.

5.3 Mechanical Properties of Nanostructures, Thin Films, 
and Surfaces

TEM is particularly appropriate for studying the mechanical properties 
of small volumes of material. In the work discussed so far, the same 
stimulus (strain, heat) is applied to the entire specimen. By applying 
the stimulus to only a small part of the specimen, the correlation 
between mechanical input and structural response can hopefully be 
made more precise. In this section we discuss experiments in which 
small volumes of a specimen are mechanically deformed (nanoinden-
tation), the surface is probed, or nanostructures are deformed. These 
experiments make use of scanning probe techniques to bring a tip near 
the sample for controlled deformation of an area under observation.

5.3.1 In Situ Indentation of Thin Films
By integrating a nanoindenter into a specimen holder, it is possible to 
examine localized deformation of single crystals, polycrystalline mate-
rials, and layered structures. Nanoindentation holders have been 
described by Wall and Dahmen (1998), Stach et al. (2001), Minor et al. 
(2001), Bobji et al. (2003) and Ii et al. (2004). The design must include 
some way of making sure the indent occurs in an electron transparent 
region of the specimen. In the design of Wall and Dahmen, for example, 
a Si sample (mounted vertically) is etched to form a ridge which proj-
ects out into the beam. Elastic deformation followed by dislocation 
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formation is visible in this ridge during indentation. Using this sample 
geometry, the motion of dislocations and grain boundaries under the 
indenter tip has been studied in a variety of materials deposited onto 
the substrate. In ultra fi ne grained Al, for example, grain boundary 
motion occurs under the tip (Jin et al., 2004). This does not occur in 
Al-Mg, suggesting that solute drag is important (Soer et al., 2004). 
Similarly, in Ni, deformation proceeds by diffusion-controlled grain 
boundary-mediated processes rather than dislocation motion within 
grains (Shan et al., 2004). Si shows dislocation plasticity on room tem-
perature nanoindentation (Minor et al., 2005). Nanoindentation of mar-
tensitic steel is shown in Figure 6–28 (Ohmura et al., 2004), and the 
formation of dislocations and the strain transfer across grain boundar-
ies are visible. As well as dislocation formation and motion, nanoin-
dentation can cause crack propagation. The nature and pathway for 
such cracks can be determined (Ii et al., 2004; Matsunaga et al., 2004). 
In the future, we expect to see exciting developments in the area of in 
situ nanoindentation, driven by the incorporation of sensors that allow 
stress-strain curves to be measured during deformation. This suggests 
exciting possibilities for quantitative analysis of nanoscale mechanical 
properties.

Figure 6–28. Nanoindentation of steel. Series of images of an Fe-C martensite, including a low-angle 
grain boundary. (a) Before indentation, (b) at 21 nm penetration depth, showing dislocation emission 
beneath the indenter, (c) at 46 nm penetration depth, showing dislocation pileup at the grain boundary, 
and (d) at 84 nm penetration depth, demonstrating dislocation emission at the far side of the grain 
boundary. (From Ohmura et al., ©2004. Courtesy of Institute of Materials Research Society.)
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5.3.2 Tribology and Nanomanipulation
Nanoindentation is only one of several interesting experiments that 
can be carried out in holders incorporating a scanning tip with piezo-
electric actuators. For example, the tip can be used for fundamental 
studies of tribology by scraping it across a surface. Tip-substrate inter-
actions were observed in refl ection mode geometry as a graphite speci-
men was imaged using STM (Spence et al., 1990; Lo and Spence, 1992), 
and changes in the surface were attributed to shearing and abrasion. 
Using a similar holder in a UHV TEM, Naitoh et al. (2000) correlated 
the atomic confi guration at a tip surface with the resolution of STM 
images it produced. Fujisawa and Kizuka (2003a) and Ohnishi et al. 
(1998a) observed the motion of a tip across a stepped surface and deter-
mined the effects of rastering and surface topography on lateral dis-
placement. This sort of information is naturally important in interpreting 
scanning probe images.

Alternatively, an in situ STM tip can be used to form small necks or 
grain boundaries by touching it to the surface, deforming both materi-
als (Figure 6–29). The structure of these necks can then be observed at 

Figure 6–29. STM surface manipulation. Series of high-resolution images of atomic-scale removal type 
mechanical processing of an Au surface. A region six atomic columns wide on the fi xed side (B) is 
removed by the Au tip on the mobile side (A). On both sides the beam is parallel to the [110] axis. The 
time is (a) 0 s, (b) 1.2 s, (c) 3.5 s, and (d) 5.8 s. Boxed circles show the unit cell of Au. These images give 
a visual impression of events that may occur during STM operation as well as phenomena associated 
with friction. (From Kizuka et al., © 1998c. Courtesy of Cambridge University Press.)
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high resolution. Kizuka and Hosoki (1999) recorded the interactions as 
two oxidized Si tips came into contact, observing the strength of the 
boundaries formed, and Naitoh et al. (2000) observed twins in necks 
of Si formed between clean Si and a W tip. Most work, however, has 
involved Au. Kizuka (1998a, b) showed formation of a neck between 
Au contacts and observed compression, shear, deformation, slip, and 
twinning. These videos give a stunning visual impression of the inter-
action of the tip with a surface during scanning, and allow a study of 
friction at the nanoscale (Fujisawa and Kizuka, 2003b). Naturally, the 
electrical properties of such necks can also be studied, and this will be 
described in Section 6.

5.3.3 Mechanical Properties of Nanostructures
The mechanical properties of elongated nanostructures are a natural 
subject for in situ studies. For carbon nanotubes, mechanical parame-
ters such as Young’s modulus were fi rst measured by observing the 
vibration of tubes which extend out as cantilevers (Krishnan et al., 
1998). These tubes vibrate because of coupling to motion in the stage. 
However, the mechanical properties of tubes can also be measured by 
bending them with an STM tip. Individual CNTs can be bent and 
broken (Kuzumaki et al., 2001) and stress and strain can be measured 
during deformation (Asaka and Kizuka, 2005). The welding of CNTs 
to a tip can be seen (Hirayama et al., 2001; Kuzumaki et al., 2004). A 
tip can even be used to operate a bearing made of telescoping CNTs 
(Cumings and Zettl, 2000; Figure 6–30). Such experiments can use the 

Figure 6–30. Mechanical properties of a 
carbon nanotube. Selected frames of a video 
recording of the in situ telescoping of a multi-
walled nanotube. In the fi rst fi ve frames, the 
core nanotubes are slowly withdrawn to the 
right. In the sixth image, which occurred one 
video frame after the core was released, the 
core has fully retracted into the outer nanotube 
housing as a result of the attractive van der 
Waals force. (Reprinted with permission from 
Cumings and Zettl, © 2000, AAAS.)
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Figure 6–31. Mechanical properties of a nanobelt. A ZnO nanobelt at (a) stationary, (b) the fi rst-har-
monic resonance in the x direction, frequency 622 kHz, and (c) the fi rst- harmonic resonance in the y 
direction, frequency 691 kHz. (d) An enlarged image of the nanobelt and its electron diffraction pattern 
(inset). The projected shape of the nanobelt is apparent. (e) The FWHM of the resonance peak mea-
sured from another ZnO nanobelt. The resonance occurs at 230.9 kHz. (Reprinted with permission 
from Bai et al., © 2003. American Institute of Physics.)

TEM for more than just imaging; for example, Suenaga et al. (2001) 
were able, using EELS, to probe changes in electronic structure during 
bending of multiwalled and bundled single walled CNTs, and correlate 
these changes with deformation.

By using a stage with piezo drives to induce an alternating electrical 
fi eld between a nanowire and an electrode, controlled frequency vibra-
tions can be set up in the nanowire (Wang et al., 2001, 2002a). For 
example, in ZnO wires of rectangular cross section, each direction of 
vibration has its own resonances from which the modulus and time 
constant or Q factor can be derived (Bai et al., 2003a; Figure 6–31). Such 
measurements of bending modulus can be related to defects in indi-
vidual structures (Gao et al., 2000). In fact, the mechanical resonance 
depends so sensitively on the structure that modulus measurements 
have potential use for measuring small masses. A less quantitative 
application (at present) is a stage developed for stretching chains of 
nanoparticles, of interest for their use as reinforcing fi llers and their 
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presence in diesel exhausts (Suh et al., 2004). It will be exciting to see 
these mechanical techniques applied to more complex structures such 
as composite nanowires or fi lled CNTs.

5.4 Summary

Mechanical deformation has been successfully examined in situ using 
several innovative techniques. The future challenge in mechanical 
testing is to make its results even more quantitative and to minimize 
or account for thin foil effects. Customised design of specimens using 
MEMS technology, integrating for example tensile testers, tweezers, 
notches, or other structures, will certainly become more widespread 
for thin fi lm experiments. Measurement of stress-strain curves during 
nanoindentation will provide accurate information on the mechanical 
response of a system, for example as single dislocations are introduced. 
Deposition of a fi lm of interest, perhaps with an engineered boundary, 
onto a crystalline membrane may become useful in some cases, since 
the substrate deformation can be measured accurately from its strain 
contrast. Integration of such experiments with controlled atmosphere 
TEM will allow materials to be tested under the most realistic condi-
tions. Elegant results on nanostructures have already been achieved 
using nanomanipulation with a tip. There is no doubt that these types 
of experiments are already bringing our understanding of the mechan-
ical properties of small volumes of materials to a new level of 
precision.

6 Correlation of Structural and Electrical Properties 
of Materials

We have shown that fascinating data can result from the correlation 
between an applied stimulus, such as temperature, environment, or 
strain, and a microstructural change. Extending this approach, if we 
measure the electrical properties of a material while also observing or 
changing its structure, we can investigate structure-electrical property 
relationships in a unique way. The material under study can have a 
large volume, perhaps most or all of the TEM sample. Alternatively, 
structure-property relationships can be derived for individual 
nanostructures.

These interesting experiments all require electrical biasing holders, 
but not necessarily video rate recording, since the sample itself may 
change only slowly, or not at all. Examples include measuring the con-
ductivity of individual nanowires as a function of their diameter, mea-
suring changes in resistance as voids form during electromigration, 
measuring the potential distribution across p-n junctions as a function 
of bias, or measuring conductivity after dislocations are introduced.

6.1 Electrical Measurements on TEM Samples: Complete Samples 
as Devices

Many important processes can be studied by applying a voltage across 
a bulk or patterned specimen in situ. We have already described the 
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use of an applied voltage to generate an electric fi eld for ferroelectric 
switching (Section 4.3), and now consider other possibilities. One inter-
esting example is the measurement of electric fi elds across p-n junc-
tions. This has been a favorite topic from the early days (Darlington 
and Valdre, 1975). More recently, a varying bias has been applied in 
situ across a FIB-prepared p-n junction, using holography to measure 
the potential distribution (Twitchett et al., 2002, 2004). The eventual 
aim of such studies is to understand the complex fi elds within real 
transistors, although quantitative image matching shows that surface 
effects must fi rst be understood. Similar biasing experiments can be 
useful probes of other materials too. For example, the potential distri-
bution across the boundary in a ferroelectric bicrystal was mapped by 
holography (Johnson and Dravid, 1999, 2000), showing breakdown and 
the presence of trap states associated with dopants.

In situ biasing also allows resistivity to be measured, which can then 
be correlated with a structural transformation. Thus, the amorphous 
to crystalline transformation for phase-change memory materials 
(Section 2.1) can be correlated with resistivity, as shown in Figure 6–
32A (Verheijen et al., 2004). Similarly, phase transformations in TiNi 
shape memory alloys can be related to resistivity (Ma and Komvopou-
los, 2005). Another interesting application of in situ resistivity measure-
ment is the observation of conductivity changes during ion or electron 
beam irradiation to determine the cross section and threshhold energy 
for Frenkel pair production (King et al., 1981; Haga et al., 1986).

In situ resistivity measurements have also been used to probe the 
electrical properties of dislocations (Ross et al., 1993). In this experi-
ment, dislocations are formed progressively in a p-n junction diode by 
heating a metastable SiGe layer (Section 5.2) in situ. Measurement of 
the diode reverse leakage current as a function of dislocation density 
yielded the leakage current per length of dislocation, useful in device 
modeling. In this experiment, however, leakage was measured through 
the whole device, while dislocation density was measured only in the 
electron transparent area. Imaging of the whole device would have 
been more precise. Mathes et al. (2003) were, in fact, able to thin the 
entire active region of a laser structure by FIB, and observed degrada-
tion by dislocation formation during device operation. Such biasing 
studies could be combined with laser excitation in situ to examine 
degradation mechanisms and photoplasticity.

Current fl ow through narrow metal lines results in electromigration. 
Due to its importance and its strong dependence on microstructure, 
electromigration has been studied intensively in situ (Figure 6–32B). 
Current is passed through an Al or Cu line patterned onto an oxide 
substrate, with the aim of observing void formation and dynamics at 
microstructural features such as grain boundaries and precipitates. 
There are two important experimental concerns in these experiments. 
Passivation of the metal surface is known from SEM studies to alter 
failure lifetimes (Doan et al., 2001); passivating the lines makes the 
experimental results more relevant to real life, but it is then harder to 
see void shapes and dynamics. Joule heating in the lines can be another 
problem (Shih and Green, 1995), especially since elevated temperatures 
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A B

Figure 6–32. Correlation of resistivity with structure. (A) Video images taken at 15 s time intervals 
simultaneously displaying the crystallization of an Al–Ge fi lm at 450K and the accompanying drop 
in electrical resistance (insets). The crystallization front can be seen to proceed from the right- to the 
left-hand side. (Reprinted with permission from Verheijen et al., © 2004. American Institute of Physics.) 
(B) Evolution of a 300 nm wide Al (0.5 wt% Cu) interconnect line, 400 nm thick and 150 mm long on a 
20 nm TiN underlayer. Lines are deposited on a SiN/SiO2 bilayer membrane to minimise changes in 
the stress state on heating. 100 nm oxide passivation is added, and the lines are then annealed to form 
the bamboo structure (i.e., all grain boundaries run perpendicularly across the line). In situ stressing 
is carried out at 320ºC and a current density of 2 × 106 Acm−2, for (a) 3.5, (b) 4.0, (c) 4.1, (d) 4.5, (e) 4.6 
and (f) 5.5 hours. (Reprinted with permission from Lau et al., © 1998 by the American Physical 
Society.)
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and current densities above 106 Acm-2 are used for accelerated testing, 
so in some experiments, on-chip heat sink structures are integrated 
into the samples (Prybyla et al., 1998).

These studies show that electromigration-induced voids nucleate 
well before complete failure of the lines (Riege et al., 1996), and void 
dynamics depend on the local grain boundary structure. The failure 
mechanism depends on temperature, since at high temperature voids 
unpin from grain boundaries while at lower temperatures they grow 
at their nucleation site (Prybyla et al., 1998). Interestingly, when TiN 
barrier layers are present, voids do not migrate, presumably due to 
changes in surface diffusion (Lau et al., 2000). Even thin oxide fi lms 
alter electromigration kinetics. Surface diffusion is in fact the domi-
nant failure mechanism if grain boundary motion is hindered (Vook, 
1994; Chang and Vook, 1995).

Since a thick passivation layer may be essential for meaningful 
results, in some studies the sample is mounted vertically and imaged 
in cross section at high voltage (Okabayashi et al., 1996; H. Mori et al., 
1997). Such experiments show mass transport through Al and TiN 
layers, as well as vertical void and whisker growth. The measurement 
of local strain by CBED during electromigration (Nucci et al., 2005) is 
an exciting recent development that promises to relate these in situ 
results more closely to models.

6.2 Electrical Measurements on Individual Nanostructures

The experiments described above, where electrical biasing is applied 
to a relatively large volume of the specimen, probe several important 
phenomena. At the nanoscale, equally interesting information is pro-
vided by biasing individual nanostructures using STM technology. 
Commercial TEM/STM holders are in fact becoming increasingly 
common for both electrical and mechanical applications (www.
nanofactory.com, www.gatan.com).

As with the mechanical experiments in Sections 5.3.2 and 5.3.3, 
carbon nanotubes and Au wires are favored for electrical studies. We 
fi rstly discuss CNTs. One can bias a tip on which a tube has been 
placed or grown, or equivalently bias the tip and approach a tube on 
the substrate. This allows observation of the electric fi eld distribution 
at the tip of a biased tube (Cumings et al., 2002), and structural changes 
during fi eld emission (Wang et al., 2002b; Kuzumaki et al., 2004; Jin et 
al., 2005). The work function of CNTs can be measured and related to 
structure (Gao et al., 2001; Bai et al., 2003b; Xu et al., 2005a, b) and CNT 
growth can be observed in the gap between a biased tip and the sub-
strate (Yamashita et al., 1999).

If an individual tube is contacted, its conductivity can of course be 
measured. Kociak et al. (2002) were even able to correlate the chiral 
indices of double walled tubes, measured using diffraction, with their 
transport properties (Figure 6–33). Conductivity measurements show 
that CNTs are ballistic conductors at room temperature (Poncharal 
et al., 2002), and that the telescoping multiwalled CNTs mentioned in 
Section 5.3.3 behave as near-ideal rheostats (Cumings and Zettl, 2004). 
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Figure 6–33. Simultaneous structure analy-
sis and measurement of transport properties 
for a double-walled nanotube (DWNT). (A) 
Experimental diffraction pattern of a DWNT. 
The iris-like ring is an artifact. Note the 
layered line structure of the diffraction 
pattern. The white arrow indicates the equa-
torial line, and the gray ones indicate some 
other intensity lines. (B) Current-voltage 
characteristic of the same tube. Ohmic behav-
ior is visible up to 0.5 V. Insets: Diffraction 
geometry. The upper inset shows the elec-
tron beam oriented along X with (X′, Y′, Z′) 
the frame of reference of the MWNT. The 
diffraction pattern is recorded in the YZ 
plane. In the lower inset, a carbon atom (gray 
dot) is characterized by a translation distance 
Zf

o and a rotation angle Φf
o with respect to 

the tube axis. (Reprinted with permission 
from Kociak et al., © 2002 by the American 
Physical Society.)

Structural changes taking place during current transport have also 
been observed (Huang et al., 2005).

The other common material for electrical studies is Au. When thin 
wires are formed by touching Au tips to a substrate and then pulling 
away, the conductance can be measured and correlated with the struc-
ture. Figure 6–34 demonstrates quantized conductance through single 
and double Au chains (Ohnishi et al., 1998b). Single chains in fact show 
a metal-insulator transition (Kizuka et al., 2001a). Conductance and 
structure change together, showing the dynamic nature of the system 
(Kizuka et al., 2001b; Oshima et al., 2003c). Catalytically grown nanow-
ires (Section 3.6) provide another interesting subject for study. Although 
Larsson et al. (2004) measured the conductivity of GaAs nanowires, 
nanowire electrical properties have generally not been examined in as 
much detail as Au wires or CNTs.

For any nanostructure studied in situ, the nature of the contact, for 
example how the STM tip is cleaned, is important in ensuring that the 
measurements relate to the structure rather than the contact. A drop 
of Hg can be used (Poncharal et al., 1999; Wang et al., 2001; Kociak et 
al., 2002) to measure properties like work function and quantum con-
ductance, but there are still real issues in creating ohmic contacts to 
nanostructures (Larsson et al., 2004) which must be solved before 
extending these experiments to a wider range of materials systems.
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6.3 Outlook

In situ electrical experiments have touched a range of phenomena, 
providing detailed and unique information on both bulk and nanoscale 
materials. With nanostructured materials appearing in more and more 
electronic applications, we anticipate increased demand for the sort of 
information that only these experiments can provide. We also antici-
pate that other properties may be amenable to an analogous approach. 
Perhaps nanoscale optical response could be studied by feeding a laser 
beam into the sample area, or thermoelectric properties could be mea-
sured in nanoscale structures. No doubt equally fascinating behavior 
would be revealed.

7 Liquid Phase Processes

We now consider another unusual application of in situ TEM: studying 
the important class of processes that takes place in the liquid phase. 
For the vapor phase crystal growth and surface reaction processes of 
Section 3, real time observations clearly improved our understanding 
of nanostructure formation and thin fi lm growth. Is it possible to carry 
out the same sort of quantitative studies for crystal growth from the 
liquid phase, or study other liquid processes? The answer, perhaps 
surprisingly, is yes, and the presence of a liquid is not incompatible 
with the vacuum requirements of the TEM. In this section we describe 
several studies involving liquids, which range from electrochemical 
deposition to the hydration of minerals and the growth of polymers.

A

B

Figure 6–34. Electrical properties of nano-
wires. Quantized conductance of a single 
and a double strand of gold atoms prepared 
by contacting an Au surface with an STM tip 
in a UHV TEM. (a) Conductance change of 
the contact while withdrawing the tip. Con-
ductance is shown in units of G0 = 2e2/h = 
(13kΩ)−1. (b) Electron microscope images of 
gold bridges obtained simultaneously with 
the conductance measurements in (a). Left, 
bridge at step A; right, bridge at step B. The 
bridge at step A has two rows of atoms; 
the bridge at step B has only one row of 
atoms. The distance from P to Q [(see (b)] is 
about 0.89 nm, wide enough to have two gold 
atoms in a bridge if the gold atoms have the 
nearest-neighbor spacing of the bulk crystal 
(0.288 nm). (From Ohnishi et al., © 1998. 
Courtesy of Nature/NPG.)
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In Sections 2.1 and 2.3 we presented examples of experiments involv-
ing melting and crystallization. These succeeded in the TEM either 
because the liquid was naturally trapped as an inclusion in a solid 
matrix, or because it had a low vapor pressure. Studies of vapor-liquid-
solid growth (Section 3.6) also succeeded because of the low vapor pres-
sure of the eutectic. For example, the vapor pressure above the Si-Au 
droplets in Figure 6–18 is only 10−10 Torr at the growth temperature.

But for liquids with higher vapor pressure, most importantly water, 
TEM can present some challenges. The liquid must be artifi cially 
encapsulated or differentially pumped to keep the pressure at the gun 
low enough for operation. Thus it is necessary either to use a special 
“window cell,” in which the liquid is hermetically sealed between 
electron transparent membranes (windows), or to modify the micro-
scope to increase pumping to the specimen area. Both approaches have 
advantages and disadvantages.

If a hermetically sealed cell is used, the windows cause undesirable 
background in the images. Furthermore, since the liquid scatters just 
as strongly as a solid, it must be confi ned within a short path length. 
Either it must be present as a thin fi lm covering a solid support, or (if 
it is to fi ll the cell) the windows must be very close together, which can 
be an engineering challenge. Even for thin liquid fi lms on a solid 
support, the window separation should be minimized, as a long path 
length of vapor above the liquid leads to undesirable electron-gas inter-
actions, especially for water vapor (Shah, 2004). Window cells are 
complex and do not usually allow heating or two-axis tilting, although, 
as we will see below, electrical connections are possible. In spite of the 
experimental limitations, a hermetically sealed cell can allow liquid-
covered specimens to be examined in a close to natural state, or can be 
used to maintain a solvent-rich atmosphere.

In the alternative approach, no windows are used, but instead addi-
tional apertures are incorporated into the TEM and the pumping in 
the specimen area is modifi ed to maintain a high pressure at the 
sample while leaving the rest of the column at low pressure. Micro-
scopes with differential pumping have already been described in the 
context of gas phase reactions, but they can also be used to observe 
samples on which a liquid is present. The liquid can be introduced by 
injecting it through a valve. This approach requires a dedicated micro-
scope, but has the potential to provide higher resolution images than 
are possible using window cells, and is also compatible with conven-
tional heating, cooling, and tilting holders.

Several studies involving liquids have overcome the experimental 
challenges described above and have yielded useful and unique infor-
mation. Liquid phase TEM is still uncommon, however, and this is an 
area offering many opportunities.

7.1 Imaging in a Saturated Environment or Under a Liquid Film

Window cells or differentially pumped microscopes have been used 
in studies of a range of phenomena including hydration and dehydra-
tion of minerals, the growth of nanostructures, and the action of cata-
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lysts. Early work was carried out using window cells to provide a 
water saturated atmosphere, for example in studying the hydration of 
Portland cement (see Butler and Hale, 1981, for a review). The use of 
high voltage microscopes meant that the window separation was not 
too critical. Since then, several groups have used window cells to 
image biological and non-biological samples. Such cells are often 
based on the design of Fukami et al. (1991). The windows consist of 
20 nm amorphous C membranes attached over a perforated metal 
disc. This material can withstand a pressure differential of 250 Torr 
and does not produce much background in the images. Imaging in 
an atmosphere of ∼100 Torr air saturated with water vapor allowed 
Sugi et al. (1997) to examine an interesting biological mechanism: the 
movement of the myosin head in living muscle fi laments. It also 
allowed Daulton et al. (2001) to determine the oxidation state of Cr in 
particles produced by an important Cr-reducing bacterium. Use of a 
window cell for biological materials avoids cryofi xation with its atten-
dant artifacts, so that for example bacterial cells do not burst, although 
beam damage still occurs at high doses. By injecting liquid droplets 
into a window cell, Foo et al. (2001) and Chiou et al. (2002) examined 
the arrangement and shape of small particles suspended in solvent, 
such as fume silica, smectite, and Au modifi ed with DNA. Use of the 
window cell avoided the problem of agglomeration which usually 
occurs on evaporation. Although not strictly in situ experiments, this 
work illustrates the possibilities for examining liquid phase dynamics 
of small particles.

As mentioned above, the use of a differentially pumped electron 
microscope allows for greater fl exibility in the sample holder during 
liquid experiments. This approach has been successful for examining 
melting of Xe fi lms (Zerrouk et al., 1994), liquid phase synthesis of Au 
nanorods (Gai and Harmer, 2002), and several important catalytic reac-
tions, including the sequence used to form nylon (Gai, 2002b). The fi rst 
reaction in this sequence, shown in Figure 6–35, was observed by 
injecting the precursor, in a methanol solvent, over a metal/TiO2 cata-
lyst specimen, while simultaneously heating the catalyst and fl owing 
hydrogen; the second reaction was observed at a higher temperature 
on introduction of adipic acid. Since many commercial polymerization 
reactions take place from solution, these types of experiments can have 
signifi cant impact on the development of industrial processes, in the 
same way that gas phase experiments have supported industrial devel-
opment of gas reaction catalysts. Recently, imaging in an environment 
of varying relative humidity using differential pumping and a cooling 
stage has allowed the deliquescence of salt and aerosol particles to be 
correlated with their structure and composition (Wise et al., 2005). The 
importance of these particles in the Earth’s atmosphere makes this an 
urgent area for further investigation.

7.2 Electrochemical Deposition

Electrochemical deposition is an important crystal growth process 
which takes place from the liquid phase. Among its many applications 
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is the formation of the copper interconnects in integrated circuits, and 
a detailed understanding of nucleation and growth is important in 
optimizing this process. In order to study electrochemical deposition, 
not only must imaging be carried out in a stable liquid environment, 
but it must also be done under electrochemical control. Thus the exper-
iment uses a window cell, as described above, with electrical connec-
tions, as discussed in Section 6.

Figure 6–35. A liquid phase reaction in situ. The hydrogenation of adiponitrile (ADN) forms hexa-
methylene diamine (HMD), an important material since it in turn is reacted with adipic acid and 
polymerized to produce nylon 6,6. The ADN to HMD reaction is carried out with ADN in a methanol 
solvent under gaseous hydrogen over a metallic catalyst. (a) High-resolution image of the catalyst, 
nanoclusters of Co–Ru (arrowed, c) over rutile titania support (with larger grains, u), at RT. (b) After 
immersion in adiponitrile in solvent and H2  gas, at RT. (c) The formation of layers of the product HMD 
at 31°C. The width is indicated by double arrows. (d) Thicker layers form at 81°C (arrowed) after 3 min. 
(S with dots indicated the original catalyst profi le.) (From Gai, 2002. Courtesy of Cambridge Univesity 
Press.)
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The electrochemical window cell (Williamson et al., 2003; Radisic 
et al., 2006) includes three electrodes connected externally to a poten-
tiostat, allowing the same degree of control as a standard electro-
chemical cell. The entire volume between the windows is fi lled with 
the electrolyte, and the current passes between the working and 
counter electrodes through this liquid. The working electrode, on 
which the material of interest is deposited, is patterned over one of 
the windows. The counter electrode and reference electrodes are thin 
wires extending into the liquid reservoir. Since the cell volume is 
completely fi lled, unlike the experiments described above, it is par-
ticularly important to restrict the window spacing to below 1–2 µm to 
minimize multiple scattering. An imaging fi lter may be used to 
improve the contrast.

Typical results, given in Figure 6–36, show the nucleation and growth 
of copper clusters on a gold electrode in real time, with simultaneous 
measurement of the voltage applied and the current fl owing in the cell. 
If care is taken to verify that the behavior of the small area of electrode 
under observation is typical of the entire electrode, and that the small 
volume cell behaves like a standard electrochemical cell, quantitative 
data on individual clusters can be compared with electrochemical 
models. In the experiment shown here, conventional electrochemical 
models could not explain the nucleation density and growth rates 
observed. Conventional models include only direct attachment of 
copper ions onto existing clusters, and to explain the results it was 
necessary to modify these models to include a parallel pathway, direct 
attachment of Cu onto the electrode followed by surface diffusion to 
clusters (Radisic et al., 2006).

Although complex, the electrochemical liquid cell developed here 
may be adapted for a variety of electrochemical growth and corrosion 
processes. In the future, this type of experiment could be enhanced by 
combining the cell with microfl uidics technology to allow fl owing 
rather than stationary liquid, and to enable controlled mixing or heating 
of liquids.

7.3 Outlook

Dynamic processes which take place in liquids and at liquid/solid 
interfaces have great importance across broad areas of science and 
technology. The results described in this section show that processes 
involving water or other liquids may indeed be observed in real time 
and with reasonable spatial resolution in situ, providing information 
which is diffi cult to obtain using techniques such as scanning probe 
microscopy or SEM. Further experiments could improve our under-
standing of, for example, changes in electrode surfaces during battery 
charging or underwater corrosion of metals such as steel. We anticipate 
that future liquid studies in the TEM will provide important informa-
tion relevant to microelectronics fabrication, catalyst design, and certain 
biological processes, making this a key area of in situ TEM for further 
development.
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8 Ion and Electron Beam-Induced Processes

Ion and electron beams have multiple effects on a specimen, depending 
on the material, and atomic displacements, implantation of atoms, or 
ionization may all be seen during in situ experiments. Irradiation 

Figure 6–36. Electrochemical deposition of copper. Deposition was carried out in situ onto a gold 
electrode from acidifi ed CuSO4 solution. First a reverse potential was applied for 2 seconds to clean 
the electrode, then deposition was carried out at a constant potential of −0.07 V, measured with respect 
to a Cu reference electrode. The upper graph shows the current fl owing through the TEM cell. After 
a sharp transient, the current curve shows a characteristic maximum (−0.26 µA after 1.5 seconds in 
this case) which can be fi tted with a model of cluster nucleation and growth. The images provide a 
direct view of cluster evolution on part of the electrode, with Cu appearing dark. The lower graph 
shows the growth of a single cluster (radius vs. time) compared with the prediction of two models. 
The growth rate is much slower than predicted, and the cluster density much higher, suggesting that 
the models needs to be modifi ed by the inclusion of surface diffusion effects. (From Radisic et al., © 
2006 with permission of the American Chemical Society.)
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effects are certainly worthy of study both as basic and applied science, 
and are of interest far beyond simply understanding TEM artifacts. 
Historically, irradiation damage by ions, electrons, or both simultane-
ously was studied in situ in attempts to model neutron damage in the 
context of nuclear electric power generation and the development of 
host materials for long term nuclear waste storage. The high dose rates 
possible make TEM useful for accelerated experiments, and irradia-
tion-induced defects and the effects of irradiation on phase equilibria 
and electrical and mechanical properties were studied. However, 
several other areas have recently become interesting. These include 
materials processing (ion beam assisted deposition, ion beam modifi ca-
tion of interfaces, and ion implantation for microelectronics process-
ing), development of semiconductor devices for aerospace applications, 
photoplasticity, and the study of radiation damage in minerals in order 
to improve the dating of radioisotope-bearing minerals. A recent 
review can be found in Birtcher et al. (2005).

8.1 Electron Beam-Induced Phenomena

In this section we discuss several effects of the electron beam on the 
specimen. Electron beam effects may be obvious, such as heating that 
induces or accelerates phase transformations, or more subtle, such as 
an increased point defect concentration that may affect deformation. 
Beam effects must of course be considered when interpreting any TEM 
observation, but can also be used to probe defect dynamics or growth 
processes.

8.1.1 Interaction with the Atmosphere Above the Specimen
As discussed in Section 3.4, the interaction of the electron beam with 
the column atmosphere produces a plasma in which structures such 
as fullerenes can grow, or certain components of oxides can be etched. 
Water vapor has a particularly strong interaction with the beam, as 
mentioned in Section 7. Beam-atmosphere interactions must be consid-
ered when using a microscope without a controlled environment, 
because they can lead to uncontrolled effects. But even when the envi-
ronment is controlled, interactions will of course still occur. For 
example, in the hydrogen embrittlement studies described in Section 
5.1, the electron beam signifi cantly increases the “fugacity” (an effec-
tive partial pressure) of the hydrogen (Bond et al., 1986).

Beam effects in a reactive atmosphere can be used to advantage for 
deposition. For example, tungsten can be deposited via electron beam 
stimulated decomposition of W(CO)6 (Furuya et al., 2003) to grow 
structures such as that shown in Figure 6–37. Similarly, iron can be 
deposited from Fe(CO)5 (Tanaka et al., 2005; Takeguchi et al., 2005). 
Three dimensional structures may even be formed using a programmed 
STEM (Shimojo et al., 2004).

8.1.2 Formation and Dynamics of Point Defects
Once the beam hits the sample it creates point defects, and both point 
defect motion and the dynamics of phenomena induced by point 
defects can be examined in situ. In general, individual point defects are 
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diffi cult to see. However, if the specimen is thin and has a well-defi ned 
structure, such as a carbon nanotube, it may be possible to image point 
defects directly. Thus, point defects caused by irradiating graphene 
sheets may be imaged at high resolution (Hashimoto et al., 2004), and 
individual vacancy-interstitial pairs can be observed in double walled 
CNTs (Urita et al., 2005). Their relaxation can be measured, as can the 
defect-induced migration of metal atoms (Urita et al., 2004).

When point defects cluster into extended defects, the extended defect 
dynamics can be measured to obtain indirect information about the 
point defects such as their diffusion parameters. The fundamentals of 
point defect motion have been studied in many materials in this way 
using high voltage microscopy and are reviewed by Kiritani (1999). For 
example, by measuring the growth and shrinking of interstitial loops 
during intermittent irradiation, it is possible to obtain activation ener-
gies for vacancy migration and self diffusion (Arai et al., 1995). The 
density of point defects can be measured by examining the formation 
of jogs in dislocation loops (Arakawa et al., 2000) while their diffusion 
parameters can be measured by examining extended defect dynamics 
far from the irradiated area (Arai et al., 2004). Loop growth and shrink-
age can even be used to investigate defects produced by ex situ neutron 
irradiation (Horiki et al., 1998; M.A. Kirk et al., 1999).

Extended defect dynamics also provides information on interactions 
between point defects and extended defects. In Cu, irradiation causes 
growth of stacking fault tetrahedra, and an analysis of size fl uctuations 
showed that growth is by ledge motion after capture of defects 
(Arakawa et al., 2002). In Si, irradiation forms interstitial clusters, and 
Fedina et al. (1998) and Vanhellemont et al. (1995) observed their struc-
ture and formation kinetics (Figure 6–38). Strain fi elds infl uence point 

Figure 6–37. Fabrication of nanostructures by beam-vapor interaction. 
Nanoscale fabrication carried out on a carbon grid, using a JEM 2500SE STEM 
operated at 200 kV with a beam size of 0.8 nm and a beam current of 0.5 nA. 
W(CO)6 gas was used at a fl ux of approximately 2 × 10−4 Pa L s−1. A line across 
a hole was produced followed by fabrication of a circle. (From Shimojo et al., 
2004; with kind permission of Blackwell Publishing, Ltd., Oxford, U.K.)
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defect clustering (Vanhellemont et al., 1995; Fedina et al., 1997), so 
presumably clustering could be used to measure strain locally. However, 
imaging of defect clusters can be challenging and special weak beam 
imaging techniques may be necessary (M.A. Kirk et al., 1999).

High voltage electron irradiation can be used to move atoms, say 
from the surface into the bulk of a substrate, via elastic collisions of the 
electrons with the heavy atoms. Systems studied include Au implanted 
into Si (Mori et al., 1992), Hf into SiC (Yasuda et al., 1992), and Au into 
Al (Lee et al., 2002b), which forms Al2Au phases that move down-
stream. These experiments are useful in studying the phenomena 
taking place during ion beam processing.

8.1.3 Beam-Induced Phase Transformations, Surface Reactions 
and Growth
We have seen examples throughout this chapter where the beam has 
induced a phase transformation or caused a growth process. To under-
stand these phenomena it is important to separate heating effects from 
those caused by knock-on damage or electronic excitations. This may 
require detailed hot stage measurements.

Amorphization is the most commonly observed beam-induced 
transformation, taking place for example in SiC (Inui et al., 1992), Si 
(Takeda and Yamasaki, 1999) and GaAs (Yasuda and Mori, 1999). In 
InGaN, beam-induced amorphization looks just like compositional 
fl uctuations (Smeeton et al., 2003) which may of course cause problems 
in image interpretation. Interestingly, in Zr2Ni and Zr3Al, the amor-
phization kinetics are changed by the presence of hydrogen (Tappin et 
al., 1995), which alters the stability of the defective structure. Thus the 
microscope atmosphere should be considered in these transformations 
as well. The reverse process of beam-induced recrystallization also 

Figure 6–38. Irradiation damage. High-resolution electron micrograph image 
of point defect aggregates created in Si during electron irradiation at room 
temperature. Irradiation was carried out at 400 kV and 1020 electrons cm−2 s−1 
for 35 min. The {113} and {111} defects are marked with single and double 
arrows, respectively. (From Fedina et al., 1998 with kind permission of Taylor 
and Francis Ltd.)
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occurs, for example in semiconductors (e.g., Jencic et al., 1995). It may 
be seen at voltages below those required to create point defects, and 
may be caused by the formation of dangling bonds at the crystalline/
amorphous interface. Other beam effects include phase separation and 
the formation of non-equilibrium phases (Section 2). For example, in 
borosilicate glasses, which have applications in nuclear waste storage, 
B-rich phases separate under the beam (K. Sun et al., 2005).

Beam-induced growth processes have interesting applications in 
nanofabrication. Apart from the beam-induced deposition described in 
Section 8.1.1, nanostructures can be built by defect generation in suit-
able substrates (see Section 3.4 for C examples) and wires can be formed 
by beam-enhanced surface diffusion (see Section 3.1 for an Au example). 
Nanostructured material can also be formed by beam-induced decom-
position. This has been examined particularly in SiO2, where a combi-
nation of sputtering and desorption produces Si rich regions (Fujita et 
al., 1996; Chen et al., 1998; Du et al., 2003; Furuya et al., 2003). Beam-
induced decomposition occurs in many materials (Al2O3, MgO, AlF, 
etc.) and may proceed from either or both surfaces. Several processes 
are active, including interactions with the atmosphere, changes in 
surface diffusion (Mera et al., 2003) and surface roughening (Grozea et 
al., 1997). If the beam is fi nely focused, such as in a STEM, hole drilling 
may occur (e.g., Berger et al., 1987; Walsh, 1989; Kizuka and Tanaka, 
1997a, b), another possible method of fabricating nanostructures.

8.1.4 Radiation-Enhanced Dislocation Motion
In many materials, the electron beam infl uences dislocation motion. 
Radiation-enhanced dislocation glide during heating or straining has 
been studied quantitatively by recording the motion of individual dis-
locations (Figure 6–39). Such measurements suggest a mechanism 
based on an enhancement in the creation rate of kink pairs, due to 
energy that is released by nonradiative recombination of electron-hole 
pairs at electronic levels associated with dislocations (Levade et al., 
1994; Werner et al., 1995; Yonenaga et al., 1999; Vanderschaeve et al., 
2000, 2001; Maeda et al., 2000). The radiation-enhanced motion of indi-
vidual kinks can actually be observed directly in plan view (Inoue et 
al., 1998). A radiation-enhanced climb process can also occur, due to 
absorption of interstitials by dislocations (Yonenaga et al., 1998). These 
studies are important in interpreting in situ deformation experiments, 
but also have a close relationship to the phenomenon of photoplasticity 
which is relevant to optoelectronic device degradation.

8.2 Ion Implantation

It is possible to irradiate a sample with ions while simultaneously 
imaging or irradiating it with electrons. This area of research requires 
complex, expensive instruments with tandem accelerators. However, 
because of the importance of the results, such equipment has been 
funded by several institutions around the world. A discussion of the 
microscopes capable of simultaneous ion and electron irradiation can be 
found in Allen and Ryan (1998) and some of the research has been sum-
marized by Ruault et al. (2005). Our understanding of sputtering, ion 
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implantation, and materials processing, for example by impurity doping, 
may be developed using tandem microscopes. However, the driving 
force for these microscopes is a need to understand the effects of radia-
tion on materials which may be used in reactor walls or for storage of 
radioactive waste. Simultaneous ion and electron irradiation simulates 
the defect types and concentrations created by irradiation with high 
energy neutrons from nuclear reactions. Neutrons induce displacement 
damage and cause the formation of helium as a byproduct. The helium 
forms bubbles and causes swelling, embrittlement, and radiation-
induced segregation, and phase stability may change as a result.

Because of their industrial importance, many irradiation studies 
have been carried out in steels. These include determining the stability 
of different phases after Xe irradiation (Chu et al., 2002) and measuring 
parameters of the motion of bubbles formed by He implantation (Ono 
et al., 2002). Quantitative studies provide information on the key defect 
formation and diffusion processes taking place. For example, in Cu, the 
kinetics of displacement collision cascade formation and the recombi-
nation of point defects into clusters were measured using Kr irradia-
tion (Daulton et al., 2000), while in Si, irradiation with Si shrinks the 
bubbles caused by H implantation (Ruault et al., 2002). Bubble motion 
has been studied in most detail in a simple system, however. This 
model system consists of insoluble noble gases such as Ar, Ne, or Xe 
implanted into an Al or similar matrix, forming small precipitates 
(Figure 6–40A). Implantation can be carried out ex situ (Birtcher et al., 

Figure 6–39. Radiation-induced dislocation glide. Velocity of dislocations in 
ZnS of different types per unit length, plotted as a function of electron beam 
intensity. Velocities were measured during in situ straining at 40±10 MPa and 
390K. The motion remains slow suggesting that the Peierls mechanism still 
controls motion, and velocity is proportional to dislocation length showing 
that kinks form individually and do not collide. The linear regime at low 
intensity suggests a change (reduction) in apparent activation energy due to 
nonradiative recombination of carriers at dislocations, assisting kink forma-
tion. At high intensities the recombination rate saturates. (From Levade et al., 
1994 with kind permission of Taylor and Francis Ltd.)



516 F.M. Ross

A

B

Figure 6–40. Dynamics of Xe precipitates. (A) Motion and coalescence of two isolated crystalline Xe 
preciptitates (Xe implanted ex situ) during continuous 1 MeV electron irradiation at room temperature. 
The irradiation causes a damage rate in Al of approximately 3.9 × 10−2 displacements per atom (dpa) 
per second. Measured from the fi rst image, the elapsed times at which video frames were recorded 
are (a) 0, (b) 101, (c) 418, (d) 549, (e) 550, (f) 551, (g) 561, (h) 584, and (i) 727 s. Traces of crystallographic 
planes are indicated in frame (a). Analysis of such data shows that surface diffusion of Al is responsible 
for motion and shape changes, while the Xe deforms by shear in response to the reshaping of its cavity. 
Since the total volume, not the surface area, was conserved during coalescence, cavity pressure 
depends on the gas structure and not just the interface structure. (Reprinted with permission from 
Birtcher et al., © 1999 by the American Physical Society.) (B) Mean square displacement of a Xe pre-
cipitate containing approximately 38 Xe atoms (in a volume equivalent to that of approximately 128 
Al atoms), as a function of damage in the Al matrix under 1 MeV electron irradiation. The precipitate 
moves because of Al jumps on its surface, and these data yield values for the diffusivity and an average 
jump frequency of about 5600 jumps/dpa. (Reprinted with permission from Allen et al., © 1999. 
American Institute of Physics.)
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1999; Allen et al., 1999; Ono et al., 2002) or in situ (Song et al., 2002), so 
that the coalescence of defects to form the precipitates can be studied 
as a function of dose. Striking dynamic changes occur in these precipi-
tates under 1 MeV electron irradiation (Birtcher et al., 1999; Allen et al., 
1999) or on heating (Ono et al., 2002): migration, shape changes, fault-
ing, melting, crystallization, and coalescence. The shape, nature, and 
motion of the enclosed phase provide information on interface ener-
gies, structure, and diffusion pathways (Donnelly et al., 2002; Allen et 
al., 2003; Figure 6–40B).

We conclude with a related but lower voltage ion irradiation project: 
the integration of a 20 kV focused ion beam into a TEM (M. Tanaka et 
al., 1998; Gnauck et al., 1998). This tandem microscope allows the 
damage produced by the FIB to be observed directly, which is useful 
for understanding artifacts and low voltage damage effects. It also 
allows sample thinning to be carried out in situ so that the area imaged 
has not been exposed to the air. Studies of focused ion beam damage 
are increasingly important since the FIB is used for materials process-
ing, surface patterning, growth, and fabrication of nanostructures.

9 Outlook

In this chapter we have attempted to show some of the outstanding 
recent results achieved using in situ microscopy and to illustrate the 
huge variety of experiments possible. In spite of experimental complex-
ity, many successful and informative experiments have mimicked the 
real world inside the microscope column.

It has become clear that there is no one “in situ microscope.” Interest-
ing experiments can be done in conventional machines, using standard 
holders, just by heating the sample with the electron beam. More 
complex experiments can be carried out by purchasing commercial in 
situ holders (heating, cooling, straining) or by developing customized 
ones (nanoindenters, electrical biasing holders, window cells). Many 
experiments also require the ability to measure some property of the 
sample, such as resistivity, simultaneously with imaging its structure. 
The most complex in situ experiments take place in expensive micro-
scopes which are modifi ed to achieve a controlled specimen environ-
ment or are designed for UHV.

This is an exciting time for in situ microscopy. Specimen design is 
developing rapidly with innovative use of FIB preparation or integra-
tion of thin fi lm specimens into micromachined substrates. Further-
more, as we have emphasized throughout this chapter, the increased 
interest in nanostructures fi ts perfectly with the ability of TEM to 
analyze small volumes of material with minimal sample preparation. 
Apart from thin foil effects and beam-induced artifacts, the main limi-
tation of in situ microscopy has been the small space available in the 
polepiece. In the future this problem too will be solved by the ongoing 
developments in aberration correction. Corrected microscopes have an 
increased polepiece gap for the same resolution. The extra space will 
help experiments requiring combined stimuli (heating and irradiation, 
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straining in a gas environment, simultaneous E and B fi elds) or new 
stimuli (lasers, micromanipulators, microfl uidics). An increased pole-
piece gap will also improve calibration of the sample environment. It 
is hard to overemphasize the importance of this for quantitative results. 
For example, one could include a fi ber optic coupled to a radiation 
thermometer (Isshiki et al., 1998), a thickness monitor for growth 
experiments, a pressure gauge, or MEMS-based sensors. Aberration 
correction would also allow low voltage microscopes to achieve a reso-
lution comparable with today’s high voltage microscopes. This will 
reduce beam damage, although sample thickness, or more generally 
sample design, will remain a constraint to decreasing the voltage.

However, there are many areas where in situ techniques could be 
extended even without aberration correction. Relatively few in situ 
experiments have used analytical techniques, such as energy fi ltered 
imaging or EELS, to examine time-resolved chemical changes. This is 
probably because rapid acquisition limits the signal to noise ratio. Thus, 
the ongoing improvements in detectors are promising for in situ ana-
lytical studies. Similarly, convergent beam electron diffraction has not 
been widely used in situ, but could give useful information on changes 
in local strain. And other advanced TEM techniques such as tomogra-
phy, holography, or imaging of amorphous materials could also be 
used in situ, providing the phenomenon of interest is slow enough to 
make image acquisition feasible. High speed imaging, discussed else-
where in this book, will of course open a new set of phenomena for 
study. And in terms of data collection and analysis, direct storage of 
images and videos on disc is improving the searchability of data, 
although most data collection still leaves something to be desired in 
terms of usability. Intelligent analysis of video data, such as object 
detection and tracking, is currently a limitation, as custom software 
often has to be developed for each experiment.

A fi nal comment arises from the complexity of controlled environ-
ment in situ microscopes, which has increased since the development 
of the fi rst such TEM by Poppa (1965). Although some processes, such 
as sample heating, must take place in the polepiece, it is an advantage 
to keep others out of the polepiece though still in the same vacuum 
system. Examples include ion guns or deposition tools such as evapora-
tors. Moving some capabilities ex situ, but within the same vacuum 
system, improves the reliability of complex microscope systems and 
provides a more fl exible approach to experiments, especially in a multi-
user environment where time is a constraint.

The fi eld of in situ transmission electron microscopy has advanced 
tremendously since its beginning in the 1960s. We anticipate even more 
exciting results over the next few decades.
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7
Cryoelectron Tomography (CET)

Juergen M. Plitzko and Wolfgang Baumeister

Clearly, if recent improvements in electron microscopes are to be fully utilized 
in biology, contrast must be enhanced without drastic molecular alteration of 
the specimen or obscuration by extraneous material.  .  .  .  Thus the polytropic 
montage seems to offer a means of determining the three-dimensional struc-
tures of low-contrast biological specimens at a resolution of 3 Å, or the best 
resolution attainable with existing electron microscopes. (Hart, 1968)

1 Introduction

More than 70 years have now passed since the invention of the fi rst 
transmission electron microscope (Knoll and Ruska, 1932; Ruska, 1987). 
Many reports and publications have been written covering the techno-
logical achievements in electron microscopy (EM) and more important 
the scientifi c breakthroughs related to the information disclosed by 
EM studies. EM, in its various “fl avors” (see below), is now a well-
established method in life as well as in material science. Therefore, 
almost every laboratory in the fi eld of structural analysis is equipped 
with one or several low or intermediate voltage microscopes for routine 
use and in some instances for high-end applications. However, com-
pared to light microscopy, EM is still a “young” method but with great 
potential for further improvements. This has been shown, especially 
in the past decade: among the highlights are the incorporation of 
energy fi lters, monochromators, aberration correctors, and above all 
the almost complete replacement of negative plates by charge coupled 
device (CCD) cameras and imaging plates. By all means, these techni-
cal achievements have been supported by the development of the com-
puter and its availability throughout science. The various techniques 
in EM, such as bright fi eld (BF) or dark fi eld (DF) imaging, weak beam 
imaging, conventional transmission EM (CTEM), high-resolution TEM 
or EM (HRTEM or HREM), scanning transmission electron microscopy 
(STEM), energy-fi ltered TEM (EFTEM), and many others, have been 
improved and, moreover, expanded with the computer power on hand. 
Today’s most modern techniques are all based on automated ac quisition 
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and alignment procedures, reconstruction algorithms, and especially 
on elaborate image processing routines.

Here, we address the advances made in biological EM and especially 
in cryo-EM. Biological structures can be, by and large, characterized 
as pleiomorphic. Just as every human being has a different face, cells, 
proteins, and macromolecular complexes have different shapes and 
forms, designed for a higher functional purpose. It is far from random 
and instead of addressing them as “amorphic” or “amorphous,” as in 
physics for randomly ordered solids, they are called “pleiomorphic” or 
“pleiomorph.” Moreover, the inside of a cellular structure resembles 
the image of a giant factory, where the single constituents act together, 
building highly specifi c molecular machines and, if necessary, 
change their purpose (Alberts, 1998). Therefore it is a highly variable 
and dynamic environment. Every intrusion into this fragile system can 
lead to changes. The suitable preparation for a fi nal characterization 
with the EM is a major challenge. And it is likewise a challenge 
in terms of the environment inside EMs: an ultrahigh vacuum and 
electron radiation.

Despite the fact that biologists were impressed by the resolving 
power of the EM, they remained very sceptical about the usefulness of 
the EM in structural biology. The major drawback was and still is the 
sensitivity to radiation of the biological samples. After a few minutes 
exposure to the electron beam the biological substance in question is 
literally “incinerated.” However, the present knowledge about the 
ultrastructure of cells, viruses, and other biological substances was 
accumulated by EM investigations with, at that time, suitable prepara-
tion techniques. Higher vacuum resistance was achieved by dehydra-
tion and water-substitution methods, beam resistance was increased 
by staining the samples with heavy metals (Brenner and Horne, 1959), 
and, in addition, enhanced contrast and transparency were obtained 
by sectioning, e.g., “big” cells in slices about 200 nm thick, with ultra-
microtomes (Porter and Blum, 1953). These preparation techniques 
enabled biologists to establish the basis of a common image of the cell’s 
interior. Nevertheless, this “image” remained incomplete and was still 
at a resolution far above that potentially available with the EM. Addi-
tionally the samples were altered by these preparation methods, thus 
complicating and limiting image interpretation. In some instances the 
artifacts introduced even misled scientists. Although these preparation 
techniques are still used in various ways, but there was an obvious 
need for far more reliable and less harmful procedures. In 1981 
Dubochet and McDowall introduced a new means of sample preserva-
tion for EM investigations: the cryotechnique. Without doubt, cryo-
preparation is one of if not the greatest development in biological EM. 
Instead of replacing the water or dehydrating the whole system, the 
biological substance is embedded within its original buffer solution or 
simply water by rapidly freezing at very low temperatures, namely the 
temperature of liquid nitrogen (∼90 K). This way the water was trans-
ferred into an amorphous state, inhibiting crystallization, and thus 
disruption of the cell due to the volume increase of crystalline water. 
This plunge-freezing technique revolutionized the fi eld of structural 
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biology, because for the fi rst time it was possible to investigate biologi-
cal samples in their native state, without introducing any artifacts, 
corroborating image interpretation.

Excluding artifacts was clearly one achievement in obtaining higher 
resolved images of biological structures, but since these structures are 
pleiomorphic, single two-dimensional (2D) images are clearly insuffi -
cient for a complete structural characterization, which can only be done 
three-dimensionally (3D). Additionally, due to the large depth of focus 
of the EM, images represent only 2D projections of the specimen, in 
which almost all information about the third dimension is lost. As 
mentioned, sectioning can help, and especially serial sectioning, where 
the structure of interest, e.g., big cells, is serially sliced. However, serial 
sectioning was previously done only on epoxy resin-embedded sam-
ples, limited in resolution to the section slice thickness (∼50 nm) and 
having lost any information about the molecular organization. But it 
was evident that information retrieval down to the supramolecular 
level for all three dimensions is absolutely crucial for an in-depth 
structural analysis of native biological samples.

In the late 1960s and early 1970s three groups independently experi-
mented with the possibility of 3D microscopy, namely electron tomo-
graphy (Hart, 1968; DeRosier and Klug, 1968; Hoppe et al., 1968; Hoppe, 
1974). Perhaps inspired by the tomographic methods invented for 
medical examinations (Cormack, 1963, 1980; Hounsfi eld, 1972) they 
developed acquisition schemes to access the 3D information by record-
ing images from different orientations or from differently oriented 
particles. DeRosier and Klug (1968) studied the helical tails of T4-
bacteriophages and with a single EM they were able to present a com-
plete 3D reconstruction. By selecting an object with the a priori 
knowledge of its helical symmetry they avoided a complicated data 
acquisition procedure. In the same year Hart (1968) reported very pre-
cisely on his idea: the “polytropic montage.” He investigated the rod-
shaped tobacco mosaic virus (TMV). Hart and later Hoppe have chosen 
a more complicated and cumbersome acquisition process: the manual 
rotation of the object perpendicular to the incoming electron beam and 
the acquisition of single projections from different viewing angles. 
They reported on the 3D representation from a series of images acquired 
over a large angular regime. In the late 1960s, when the average elec-
tron microscopist used photographic plates, these procedures were 
inevitably very cumbersome and time consuming and of course recon-
struction calculations were possible only with large supercomputers. 
Nevertheless, with the introduction of CCD cameras for image record-
ing in EM in the late 1980s (Mochel and Mochel, 1986) and the intro-
duction of computer-controlled EMs attempts (Figure 7–1) were made 
to improve the pioneering work with the prospect of implementing it 
for routine and fast use (Typke et al., 1991; Koster et al., 1992, 1997). 
With the addition of suitable preparation techniques such as cryofi xa-
tion of biological specimens, cryo-EM promised to be the method of 
choice for further structural work in molecular biology. Nevertheless, 
it was not until the mid-1990s that the fi rst reports on applications on 
automated cryo-electron tomography appeared (Horowitz et al., 1994; 
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Dierksen et al., 1995; Grimm et al., 1996a; Walz et al., 1997a; Nitsch 
et al., 1998), now abbreviated cryo-ET or, for the extended community, 
three-dimensional electron microscopy (3DEM).

Today, cryo-EM is established in the fi eld of structural biology and 
three different techniques are building the base for 3D characteriza-
tion: electron crystallography (cryo-EC), single-particle EM (cryo-EM), 
and electron tomography (cryo-ET). In the following we will describe 
and explain one of these tomographic approaches, namely cryo-ET 
(Frank, 1992, 1996), in detail.

2 Three-Dimensional Cryoelectron Microscopy

2.1 Principles of 3D Imaging

The main contrast mechanism in cryo-EM is phase contrast. In fi rst-
order approximation, the micrograph is an interference pattern of the 
primary beam and the focused scattered beam. In this so-called weak 
phase approximation, the electrostatic potential of the sample is the 
quantity that is imaged. To create a phase delay between the primary 
and scattered beams, the objective lens has to be defocused. The 

Figure 7–1. Transmission electron microscopes (TEM) in the past and today. a) 1939; First commercial 
TEM (‘Siemens Super Microscope’) from Siemens & Halske Ltd., Berlin, Germany. b) 2002; Tecnai F30 
Helium (‘Polara’) from FEI company, Eindhoven, The Netherlands as installed at the MPI of Biochem-
istry in Martinsried (near Munich), Germany. A computer controlled TEM dedicated for cryo-electron 
microscopy, which allows cooling to liquid nitrogen (90 K) and helium temperature (∼10 K).
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imaging process of weakly scattering objects in a TEM can be sum-
marized elegantly by introducing a contrast transfer function (CTF) in 
Fourier space (Reimer, 1993). In this notation, the image Ixy of an 3D 
object with an electrostatic potential Vxyz can be written as

 I CTF dzVxy k k xyzx y= ⋅ ( )[ ]− ∫F F1
, .

Here, F  denotes the Fourier transform and kx and ky denote the recip-
rocal vectors. The CTF is an oscillating function of the defocus value 
∆z, which is damped by an envelope function. The envelope function 
fi nally limits the resolving power of a TEM. To achieve high-resolution 
data in biological EM, the use of a fi eld emission gun (FEG) instrument 
with a high coherence and brightness is mandatory (Baumeister and 
Typke, 1993), since the increased temporal and spatial coherence 
reduces the damping of the envelope function (Frank, 1973). The oscil-
latory behavior of the CTF leads to contrast inversion of Ixy for certain 
frequency bands. Provided the signal-to-noise ratio (SNR) of Ixy is suf-
fi cient, Ixy can be corrected for these CTF effects, but CTF correction 
will not be feasible close to the zeros of the CTF where hardly any 
signal is transferred. In single particle analysis or cryoelectron crystal-
lography, images of different focus levels are recorded to avoid that 
problem; the data of different focus levels can then be combined in a 
so-called focus series (Schiske, 1968, 1973; Typke, 1992), which ensures 
data coverage in Fourier space without gaps around CTF zeros. 
Through-focus series reconstruction is particularly suitable in material 
science studies where high magnifi cations combined with a high dose 
can be utilized almost without restrictions to determine the atomic 
positions even for very light elements in crystalline specimen (Thust 
et al., 1994, 1996; Coene et al., 1996; Kisielowski et al., 2001). However, 
in low-dose EM, the CTF is often not easily accessible due to the low 
SNR, in particular if a CCD camera is used as a detecting device. 
Therefore, the fi rst zero crossing of the CTF often limits the attainable 
resolution in a cryoelectron micrograph, for example, in cryo-ET.

Since an EM image is essentially a projection, features from different 
z-levels within the object overlap in the resulting micrograph and cannot 
be separated. The traditional way to extract meaningful information 
from an electron micrograph is to reduce the z-dimension of the object, 
i.e., to image almost 2D objects. In biological imaging of cells this was 
accomplished by sectioning the previously fi xed object using an ultrami-
crotome (Porter and Blum, 1953). By means of serial sectioning even 3D 
data could be obtained by imaging successive sections belonging to the 
same cell. In this case, the achievable resolution in z depends on the thick-
ness of the sections; the best resolution attained was in the range of 
50 nm. However, the combination of serial sectioning with tomographic 
data acquisition (see below) offers the possibility of improving the 
resolution (Soto et al., 1994; Mueller-Reichert et al., 2003).

A different approach is to combine different views of the specimen 
to derive 3D information (Figure 7–2). The cryo-EM methods for obtain-
ing 3D data can be summarized as tomographic or at least quasitomo-
graphic. They all rely on the fact that the parallel projection of a 3D 
object corresponds to a slice in the 3D Fourier space of the object. This 
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“projection-slice theorem” and the possibility of restoring the 3D data 
using their projections were fi rst discovered by Radon (1917). An 
English translation of this paper can be found in Deans (1983). To 
obtain the 3D information, different slices of the Fourier space, i.e., 
projections in real space, have to be gathered to sample the entire 
information. Different orientations of the sample can be realized by 
changing the orientation of the specimen. For this purpose the speci-
men has to be rotated, as is the case in electron crystallography or ET, 
or identical copies of a specimen that occur in different orientations 
can be reconstructed in a 3D model as in “single particle” analysis. In 
the fi eld of EM, those tomographic methods for 3D structure determi-
nation were proposed in the late 1960s (Hart, 1968; Hoppe et al., 1968) 
and realized in the pioneering work of DeRosier and Klug (1968).

2.2 The Single-Particle Approach

One powerful advantage of EM is the fact that it produces projection 
images, unlike X-ray crystallography, which yields diffraction data 
with no information on the position; this is known as the “phase 
problem.” Thus, images may be treated in real space as well as in 
Fourier space and there is no difference between those that contain 
information about a single molecule without any internal symmetry 
and those generated by a 2D crystalline array. This fact is exploited in 
the so-called single-particle approach, which enables the electron 
microscopist to determine 3D density maps of individual macromole-
cules (Frank, 1996). Depending on a variety of conditions the 3D models 
show near-atomic, or, in the more characteristic case, intermediate 
resolution (≥7 Å) (Jiang et al., 2003a; Spahn et al., 2001).

Figure 7–2. The Figure 7-shows a single axis tilt series data acquisition scheme. The object is repre-
sented by a pleiomorphic object (in this case a knot) to emphasize the fact that electron tomography 
can retrieve 3D information from non-repetitive structures. a) A set of 2D projection images is recorded 
while the specimen is tilted incrementally around an axis perpendicular to the electron beam, and 
projection images of the same area are recorded on a CCD camera at each tilt angle. Tilt range is typi-
cally ±70° with tilt increments between 1.5–3°. b) The backprojection method explains the principle of 
3D reconstruction in a fairly intuitive manner. For each weighted projection, a backprojection body is 
calculated, and the sum of all projection bodies represents the density distribution of the original 
object—the tomogram.
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Projection images from macromolecules contain information about 
the 3D structure as 2D density profi les, characteristic of the particular 
orientation of the particles in the electron beam (Figure 7–3). To disen-
tangle molecular substructures in the third dimension a number of 
different images of known projection geometry have to be combined. 
Protein complexes not too large in size are usually oriented arbitrarily 
in vitrifi ed ice, so that even one EM image contains many different 
projections of the isolated protein species (Figure 7–3A). Once the rela-
tive orientations of the particles are known, i.e., the three Eulerian 
angles (j, Y, q) defi ning the rotation of a particle around the axes in 
3D space, their projections can be placed on the surface of a sphere 
centered on the origin of a common coordinate system. The Eulerian 
angles exactly defi ne the positions of the projections that can now be 
backprojected centrally in such a way as to superimpose the 2D densi-
ties into a common 3D volume of the particle. The most popular and 
utilized reconstruction algorithm in real space is the so-called weighted 
backprojection (Radermacher, 1992; see Section 3.5.2).

Very large macromolecular complexes, fi lamentous aggregates, or 
proteins embedded in biological membranes usually occur in preferred 
orientations in frozen samples. Here, and in cases where nonredundant 
structures such as singular protein assemblies are to be investigated, 
the specimen is tilted around a fi xed axis at a certain angular incre-

Figure 7–3. Single particle investigation of the giant protein complex TPP II from Drosophila mela-
nogaster embedded in vitrifi ed ice. In eukaryotes, tripeptidyl peptidase II (TPPII) is a crucial compo-
nent of the protein degradation pathway. The 150-kDa subunits of Drosophila TPPII assemble into a 
giant proteolytic complex of 6 MDa with a remarkable architecture consisting of two segmented and 
twisted strands that form a spindle-shaped structure (length 56 nm, width 24 nm). a) Cryo-electron 
micrograph of isolated TPP II complexes illustrating the very weak image contrast and the high level 
of noise. b) Averaging and classifi cation of a large number of equivalent projections of separate mole-
cules. Once a large set of views is available, a preliminary 3D reconstruction can be computed and 
refi ned iteratively. c) The 3D model obtained by cryo-electron microscopy, reveals details of the 
molecular architecture and, in conjunction with biochemical data, provides insight into the assembly 
mechanism. The building blocks of this complex are apparently dimers, within which the 150 kDa 
monomers are oriented head to head. Stacking of these dimers leads to the formation of twisted single 
strands, two of which comprise the fully assembled spindle (Rockel et al., 2002 and 2005). (See color 
plate.)
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ment in the EM to obtain a series of projections. This approach of 
electron tomography is applicable almost universally if the specimen 
is not too thick for the electrons to penetrate.

Since the electron exposure must be restricted to a value low enough 
not to destroy the sensitive biological material, the images contain a 
high level of so-called “shot noise” (statistical variation in the number 
of electrons detected at each pixel in the image). Additionally electron 
scattering from elements low in atomic number (Z), like the constitu-
ents of most biological materials, e.g., carbon, oxygen, and hydrogen, 
produces very weak image contrast. Based on these facts biological 
structures are barely visible in single cryo-EM images. Furthermore the 
exact alignment of the particles becomes a challenge, which is tackled 
by averaging a large number of equivalent projections of separate mol-
ecules, thus reducing the noise level. For this purpose, the images of 
some 103 to 105 particles are sorted into distinct classes of views by 
multivariate statistical analysis (Van Heel and Frank, 1981). Once a large 
set of views is available, a preliminary 3D reconstruction can be com-
puted and refi ned iteratively. Typically, molecular complexes must be 
large in size (>200 kDa; 1 Da = 1 U = 1.66 × 10−24 g) to provide suffi cient 
signal for the alignment at high resolution. If the particles possess a 
high internal symmetry, e.g., virus capsids or regular structures like 2D 
crystals, the averaging and reconstruction process is simplifi ed and the 
number of images necessary and the computation time are reduced.

To determine the structural basis of the working mechanism of 
molecular machines we have to study the structures, positions, and 
interactions of their building blocks, i.e., their distinct subunits. Since 
the structure of protein–protein contacts is resolved only at near-atomic 
resolution it is hardly possible to identify molecular borders in 3D 
models of cryo-EM data by visual inspection. But the ability to identify 
elements of secondary structure, and α-helices in particular, at a reso-
lution of about 6–8 Å, makes it possible to fi t a previously determined 
(atomic) model of protein subunits or subcomplexes into 3D density 
maps of larger assemblies obtained by cryo-EM (Li et al., 2002; Bottcher 
et al., 1997). This approach, called “docking,” enables us to unravel the 
organization of macromolecular machines that cannot be structurally 
characterized otherwise. Right now researchers continue to develop 
quantitative criteria that can guide this operation (Volkmann and 
Hanein, 1999).

Single–particle cryo-EM is a powerful but still slow method com-
pared to X-ray crystallography, provided that for the latter well-
diffracting crystals are available. The data collection and processing 
can extend over several months or longer even for specialists in the 
fi eld. However, with the advent of computer-controlled electron micro-
scopes data acquisition and analysis have become subject to the devel-
opment of elaborate automation procedures that promise to reduce the 
time needed to create high-resolution 3D density maps of large mac-
romolecular complexes considerably.

The real bottleneck for investigations of known or still unknown 
molecular machines arose from another experimental task. Purifi ca-
tion procedures commonly used in biochemistry tend to select stable 
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and abundant protein complexes only. Very large molecular machines, 
rare or transient macromolecular assemblies, complexes consisting of 
membrane spanning and soluble components, and all those held 
together by forces too weak to withstand the purifi cation procedures, 
escape isolation or even detection. The lesson is twofold: We need new 
approaches for isolating or reconstituting fragile assemblies, and cryo-
EM of isolated single particles will probably not give us the whole 
truth. To address the full complexity of functional macromolecular 
assemblies noninvasive 3D imaging techniques have to take over to 
fulfi ll the task of studying the supramolecular architecture in its native, 
cellular context (Plitzko et al., 2002). The technique of cryo-ET is a 
“nouvelle route” with a great potential in the fi eld of structural biology 
that promises to provide noninvasive and deep insight into the func-
tional organization of the cellular proteome (Sali et al., 2003).

2.3 Cryoelectron Tomography

CET is unique in the sense that it can image nonpurifi ed macromole-
cules three-dimensionally. However, in terms of resolution, cryo-EC 
and single-particle analysis are currently superior, which makes cryo-
ET a complementary method to the aforementioned. In contrast to 
these methods, cryo-ET does not involve implicit or explicit averaging 
of the specimen, which makes it a suitable method for imaging of 
pleiomorphic objects. Therefore it is suitable to image entire cells 
(Grimm et al., 1998; Medalia et al., 2002; Kuerner et al., 2005; Nicastro 
et al., 2000, 2005; Scheffel et al., 2005) or nonsymmetric viruses 
(Gruenewald et al., 2003) in situ (Figure 7–4). Furthermore it has the 

Figure 7–4. Cellular cryo-electron tomography of the magnetotactic microorganism Magnetospirillum 
griphiswaldense. The entire bacterium is oriented like a compass needle inside the magnetic fi eld in its 
search for optimal living conditions. The miniature cellular compass is made by a chain of single 
nano-magnets, called magnetosomes (the scale bar represents 200 nm). a) The two-dimensional image 
represents one projection (at 0°) from an angular tilt-series. b) x–y slices along the z axis through a 
typical three-dimensional reconstruction (tomogram). c) Surface-rendered representation of the inside 
of the cell showing the membrane (blue), vesicles (yellow), magnetite crystals (red) and a fi lamentous 
structure (green). Until now, it was not clear how the cells organise magnetosomes into a stable chain, 
against their physical tendency to collapse by magnetic attraction. However, the biochemical analysis 
revealed a protein responsible for the chain formation and the 3D investigation a cytoskeletal struc-
ture, which aligns the magnetosomes like pearls on a string (Scheffel et al., 2005). (See color plate.)
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potential to unravel not only the structure but also the molecular inter-
actions of the various macromolecules inside a cell (Beck et al., 2004). 
Whereas tomography of plastic embedded specimens (Marsh et al., 
2001; Murk et al., 2003) reveals primarily data on the ultrastructure and 
morphology of a cell cryo-ET aims to resolve the cell at a molecular 
level. Although the SNR of a tomogram of a frozen hydrated specimen 
is generally worse than that of a plastic embedded specimen, more 
biologically signifi cant information is contained in the high spatial 
frequencies since the preparation technique does not limit the inter-
pretable information.

A cryo-electron tomogram essentially depicts the entire proteome of 
a cell. Therefore, cryo-ET can make signifi cant contributions to the 
larger enterprise of structural proteomics (Sali et al., 2003). It has the 
potential to unravel the interactions of the various proteins that reside 
not only in the cytoplasm but also in the cell membrane. Moreover, it 
can provide medium resolution structural characterization of com-
plexes that are largely undescribed to date. A prerequisite for those 
contributions is suffi cient resolution to recognize macromolecules in a 
cellular tomogram.

The fi rst published cryo-electron tomogram of a eukaryotic cell 
(Figure 7–5), the slime mould Dictyostelium discoideum, demonstrated 
that cryo-ET is able to resolve individual macromolecular complexes 
such as ribosomes or the 26S proteasome in the context of a cell (Medalia 
et al., 2002). Currently, cellular cryo-ET is effectively confi ned to rela-
tively thin samples. Cells of a thickness beyond 1 µm are not transpar-
ent to the electron beam at a voltage of 300 kV. These cells are typically 
prokaryotic cells or unusually thin eukaryotic cells. Electron tomogra-
phy of frozen hydrated sections of cells (Hsieh et al., 2002; Leis et al., 
2005) can possibly extend the specimen class to thicker cells and even 
tissue cells. Unfortunately, the sectioning process still introduces severe 
artifacts; in particular, the forces that arise during the sectioning 
process tend to compress the cells strongly. The use of vibrating 
cryoknifes can possibly offer some remedy from these shortcomings 
(Al-Amoudi et al., 2003). The technique is promising, but it is far from 
being a routine preparation technique, as yet.

To date, cryo-ET is effectively the only 3D imaging technique that 
can image cells or organelles in a close-to-native state at molecular 
resolution. It is of vital importance to have an imaging method that can 
image biological macromolecules since many of the complexes present 
in a cell tend to be fragile or transient. The detection of statistically 
signifi cant distribution patterns can provide unprecedented informa-
tion about the interaction of macromolecules, in transient complexes, 
for example. The basic problem that cryo-ET has to face is to derive 
statistically signifi cant information from the initially very noisy tomo-
grams. Interpretation of the raw data can be performed only by low-
pass fi ltering the data to a resolution that is regarded as signifi cant. 
Application of so-called “denoising” algorithms can extend this limit 
gradually and greatly improve the visualization of tomograms. These 
techniques mainly perform nonlinear fi ltering of the data (Frangakis 
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and Hegerl, 2001; Jiang et al., 2003b). The main purpose of fi ltering/
“denoising” is to improve the visualization of the raw data and to 
facilitate interpretation primarily at the level of the ultrastructure. 
However, interpretation at the molecular level requires more quantita-
tive methods.

Figure 7–5. First electron tomographic investigation of a eukaryotic cell; the slime mould Dictyostel-
ium discoideum embedded in vitrifi ed ice. a) Phase contrast image and corresponding fl uorescence 
image (inset) of cells on TEM grids. b) Cryo-electron micrograph at 0° tilt (conventional 2D 
projection) of a ∼200 nm thin peripheral region of the cell. c) Tomographic reconstruction from a 
complete tilt-series (120 images) and d) visualization by segmentation. Large macromolecular com-
plexes, e.g. Ribosomes are shown in a green color, the actin fi lament network in orange-red and the 
cells’ membrane in blue. Cryo-tomograms of Dictyostelium discoideum cells grown directly on carbon 
support fi lms have provided unprecedented insights into the organization of actin fi laments in an 
unperturbed cellular environment. The tomograms show, on the level of individual fi laments, their 
modes of interaction (isotropic networks, bundles, etc.), they allow us to determine the branching 
angles precisely (in 3-D), and they reveal the structure of membrane attachment sites (Medalia 
et al., 2002). (See color plate.)
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A prerequisite for understanding the interaction of proteins is the 
localization of macromolecules in the cell. Practical ways to achieve 
this goal are labeling of macromolecules by specifi c and electron-dense 
markers (Koster and Klumperman, 2003) or recognition of individual 
particles by their known structural signature. The former is very hard 
to realize under in vivo conditions, whereas the latter requires suffi -
ciently high resolution. Moreover, labeling techniques can be used for 
only a few macromolecules simultaneously since the different labels 
need to be distinguishable and specifi c. In the context of structural 
proteomics this makes recognition by means of the structural signa-
ture favorable since simultaneous recognition of molecules under at 
least close-to-native conditions is mandatory.

It has been shown previously that the currently achieved resolution 
of cryo-ET should suffi ce to identify large protein complexes in the 
range of 1 MDa (Boehm et al., 2000). Moreover, detection of protea-
somes (Lowe et al., 1995; Zwickl, 2000) and thermosomes (Klumpp 
et al. 1997; Klumpp and Baumeister, 1998) in phantom cells, which 
mimic real cells in size and composition with the advantage of being 
biochemically well defi ned, showed that this approach is also feasible 
experimentally (Frangakis et al., 2002). The approach used in these 
works requires structural knowledge from other sources; matched 
fi ltering of the tomograms with a structural template yields the loca-
tions and orientations of these complexes in the cell (see Section 3.5.4). 
Therefore, cryo-ET requires structural data from other techniques 
such as X-ray crystallography or single-particle analysis to obtain 
molecular information. The principal dose limitation of cryo-ET does 
not permit high-resolution structure determination on the basis of the 
tomogram alone. The dose fractionation theorem (Hegerl and Hoppe, 
1976; McEwen et al., 1995) states that tomography images each volume 
element with the same statistical signifi cance as a 2D projection 
acquired with the same overall dose. This makes tomographic data 
highly advantageous for location of features since the information is 
distributed over three dimensions. However, the statistical signifi -
cance of each volume element is generally not suffi cient to resolve 
macromolecules at the level of tertiary or quaternary structural ele-
ments initially. However, the combination of cryo-ET and single-par-
ticle averaging can offer a remedy for this; by averaging identical 
copies of complexes, they can potentially be resolved to at least a few 
nanometers. First realizations of the combination of cryo-ET and 
single-particle averaging have been reported for isolated proteins and 
yielded structures of 800-kDa protein complexes to ∼2 nm resolution 
(Nitsch et al., 1998); averaging of complexes directly from tomograms 
of organelles or viruses is a novel approach (Figure 7–6). First 2D 
results on the envelope complexes of dried and stained retroviruses 
indicated the potential of this approach (Zhu et al., 2003). Recent 3D 
results on the structure of the nuclear pore complex, a membrane 
complex that is diffi cult to assess by other techniques, taken from 
tomograms of entire nuclei, showed that this approach can yield 
structural characterization of unprecedented resolution (Beck et al., 
2004, 2007).
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3 Major Diffi culties in Cryoelectron Tomography

Despite the fact that the acquisition process for ET sounds very simple 
and straightforward, the acquisition of a tomographic tilt series, espe-
cially from biological samples is, even today, a major technical chal-
lenge. The explanation will be given in the following sections addressing 
the fi ve major obstacles (“core problems”) of ET: (1) sample preparation 
and preservation, (2) radiation sensitivity, (3) tilting geometry, (4) 
instrumentation (EM, energy fi lters, CCD detectors, etc.) and automa-
tion, and (5) alignment, reconstruction, and visualization.

3.1 Sample Preparation

3.1.1 Basics
Biological objects such as cells consist mainly of water (more than 70%). 
Built up from carbon-based molecules, they form the essential frame-
work of life but for a closer structural investigation with the EM they 
have to withstand a constant “bombardment” of fast electrons under 
ultrahigh vacuum conditions: clearly not the best starting points 

Figure 7–6. CET in combination with the single particle approach of transport-competent Dictyostel-
ium discoideum nuclei. a) Three-dimensional reconstruction of the peripheral rim of an intact nucleus. 
X-y slice of 10 nm thickness along the z axis through a typical tomogram. Side views of nuclear pore 
complexes (NPCs) are indicated by arrows. Ribosomes connected to the outer nuclear membrane are 
visible (arrowheads). Inset displays a phase-contrast image and the corresponding fl uorescence image. 
b) Surface rendered representation of a segment of nuclear envelope (NPCs in blue, membranes in 
yellow). c) Structure of the Dictyostelium NPC after classifi cation and averaging of subtomograms. 
Cytoplasmic face of the NPC (upper left); the cytoplasmic fi laments are arranged around the central 
channel. Nuclear face of the NPC (upper right); the distal ring of the basket is connected to the nuclear 
ring by the nuclear fi laments. Cross sectional view of the NPC (bottom). The dimensions of the main 
features are indicated. All views are surface-rendered (nuclear basket in brown; Beck et al. 2004). (See 
color plate.)
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and clearly conditions that are far from natural and extremely 
inhospitable.

Indeed, the central goal in any EM study is the observation of struc-
tures down to the atomic level. Unlike material science studies, where 
the samples remain steady, biological specimens tend to be more 
“resistant” to an investigation with the EM. First they are exposed to 
ionizing radiation, namely electrons with speeds usually above 
200,000 km/s, according to the acceleration voltage used. Second, the 
ultrahigh vacuum generates an ambient pressure far below the atmo-
spheric pressure, and thus literally “sucks” out every shred of liquid, 
subsequently resulting in the implosion of the biological structure. 
Third, they are build up from carbon-based compounds plus elements 
with very low atomic numbers like hydrogen, oxygen, and nitrogen, 
and minute amounts of other low Z-elements, all very weak scatterers, 
in regard to their interaction with electrons, resulting in low-contrast 
images. Fourth, if we regard cellular structures of higher organisms, 
such as mammalian cells, they can easily reach sizes of tenth of microm-
eters in all three dimensions, and are therefore almost or effectively 
impenetrable to the electron beam. Fifth, the secrets of these structures 
are hidden in a highly crowded environment, the cytoplasm, where 
functional units like proteins, protein complexes, or even molecular 
machines are “densely packed,” literally touching each other. This 
“molecular crowding” (Ellis, 2001; Ellis and Minton, 2003) makes it 
diffi cult to separate them for structural characterization. Sixth and last, 
every cell is different, just as every human has a different face. Thus, 
single 2D projections will not provide a complete 3D characterization, 
and averaging techniques as in the so-called single-particle approach 
are therefore impractical. All six of these facts have to be addressed in 
any life science study and especially when investigating biological 
structures in a close-to-life state, quasi in vivo.

The electron beam represents a form of ionizing radiation that is 
harmful to the health of any living organism. Clearly, we cannot 
shield the biological substance but we can try to extend its “life-span” 
during investigation before structural damage occurs. Researchers in 
the past have been ingenious in inventing preparation techniques for 
EM studies of biological samples. In the late 1950s staining techniques 
were introduced that addressed the fi rst three issues at once (Brenner 
and Horne, 1959). Staining with salts from heavy metals (usually 
osmium or uranium salts) envelopes the structure of interest and after 
insertion into the EM the negative imprint of the structure can be 
observed. Moreover, it increases the contrast dramatically, according 
to the high atomic numbers of the metals used. However, the biologi-
cal structure desiccates in the vacuum environment of the microscope 
and illumination by the electron beam literally incinerates whatever 
is left of the biological substance, leaving behind the imprint of the 
structure outlined by the staining substance. Staining and dehumidi-
fi cation alter the structure and, because of the nanocrystalline nature 
of the staining salts, limit the resolution, in the best cases, to approxi-
mately 2 nm. The major advantage of this technique is its simplicity 
(no special instrumentation is required), its speed, and the fact that 



 Chapter 7 Cryoelectron Tomography (CET) 549

the negative “shadow” of the sample is almost unaffected by radiation 
damage. The obvious disadvantage is the highly “unnatural” state in 
which the investigation is performed, leading to artifacts and possible 
misinterpretations.

To study larger objects such as cells or organelles staining has been 
combined with embedding in epoxy resins and subsequent sectioning 
with the help of ultramicrotomes (Porter and Blum, 1953). Despite the 
fact that almost all our ultrastructural knowledge of the cell interior is 
based on this technique, there are some obvious limitations. First the 
substitution material, e.g., epoxy resin, shrinks during hardening, thus 
deforming the original structure. Second the stain applied after sec-
tioning reduces the resolution (as described above) and third a second 
shrinkage step of the section is observed after initial illumination in 
the EM. This effect can be as large as 30–40% in the direction of the 
electron beam and 5–10% in the plane perpendicular to it. Shrinkage 
of the initial section dimensions is caused by outgassing of the solid 
polymer in the ultrahigh vacuum and to a larger extent by the loss of 
mass due to radiation damage (Luther, 1992). However, shrinkage 
occurs early in the illumination process, so that preexposing the sample 
until the contraction is complete can help to stabilize the section. The 
total electron dose is therefore increased dramatically and can lead to 
dose-induced stain aggregation. After preexposure the sample remains 
steady for further investigation of the modifi ed structures and can be 
reused almost indefi nitely.

3.1.2 Cryopreparation
In the 1970s researchers experimented on 2D protein crystals with the 
possibility of preserving specimen hydration in the EM (Taylor and 
Glaeser, 1973, 1974). However, In 1981 Dubochet and McDowall pub-
lished their work on the vitrifi cation of pure water for EM and in 1984 
Adrian et al. reported the fi rst successful investigation of a shock-
frozen biological object, namely viruses, embedded in vitrifi ed ice, now 
known as the cryopreparation technique. There is no doubt that this 
invention is one of the important milestones in life science EM studies, 
if not the most important. With this technique, scientists were, for the 
fi rst time, able to investigate biological objects in a close-to-life state, 
quasi in vivo.

The object-holders are commercially available copper grids with a 
diameter of 3 mm (Figure 7–7A). They can be purchased in different 
geometries, mesh formats, and with different coatings (Plano GmbH, 
Wetzlar, Germany; Ted Pella, Inc., Redding, CA; Quantifoil Micro Tools 
GmbH, Jena, Germany; Ermantraut et al., 1998). Typically these grids 
are coated with a very thin support foil, usually amorphous carbon 
with thicknesses ranging between 4 and 20 nm. Shock-freezing has to 
be done very fast and therefore a special apparatus is necessary. These 
“guillotine”-like instruments, so called plungers, permit freezing of the 
sample in milliseconds to a temperature of liquid nitrogen (∼90 K). To 
ensure a direct phase transformation from liquid to an amorphous 
(vitrifi ed) solid, cryogens with very high cooling rates, like ethane or 
less frequently propane, are used (Figure 7–7B and C).
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The grid is clamped in an inverse tweezer and vertically mounted 
into the plunging instrument. A droplet of a couple of microliters of 
the sample solution, either isolated protein complexes or whole cells in 
their buffer solution, is applied to the surface of the copper grid. Since 
only thin objects in the range of a couple of hundred nanometers (t ≤ 
500 nm) are suitable for investigation with the EM, the sample volume, 
typically in the range of 1–4 µl, has to be reduced. This is done with a 
fi lter paper carefully brought either to one side or to both sides of the 
grid to remove excess liquid. This process is called blotting. To prevent 
any mechanically induced disruption of, e.g., cellular structures, blot-
ting can be done from the backside of the grid (Figure 7–8). Depending 
on the duration of the blotting process, the viscosity of the sample 
solution, and the size of the object, the thickness of the resulting ice 
layer can be adjusted. It guarantees a complete vitrifi cation, without 
the formation of unwanted and harmful ice crystals, which can already 
be observed with fl uid layers exceeding a couple of micrometers.

Figure 7–7. Plunge freezing instrumentation. a) Typical arrangement of cells cultured on TEM grid just 

a home-build plunge freezing apparatus (Images courtesy of R. Gatz, MPI of Biochemistry, Martinsried 
(near Munich), Germany). The small reservoir (yellow) in the middle of the dewar (green) contains the 
liquid ethane, which is chilled by a surrounding bath of liquid nitrogen. The forceps, which hold the 
grid are attached to a weighted arm. When the arm is released by means of a foot-trigger, the grid is 
gravity-plunged into the ethane. The cross-sectional scetch (left part of image B) illustrates the ‘guillo-
tine-like’ arrangement. c) The Vitrobot (FEI company, Eindhoven, The Netherlands), a ‘robot’ for vitri-
fi cation, allows the control of environmental and all necessary processing parameters. (See color 
plate.)

prior to plunging. The schematic indicates the dimensions. b) CAD (computer aided design) image of 
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Existing cryoplungers are mainly home-built and vary in design. 
Quite recently commercially available instruments have been intro-
duced with the additional ability to adjust and control some of the 
preparation parameters, such as humidity, temperature, and air pres-
sure, in specially designed environmental chambers. Moreover the 
whole process, except for the application of the sample, which has to 
be done manually, is computer controlled and automated, to facilitate 
the sample preparation process and expand its reproducibility (Vitro-
bot, FEI company, Eindhoven, Netherlands).

After vitrifi cation, the sample is transferred in a cryoholder, specially 
designed to ensure that the sample remains in the frozen state at 
approximately liquid nitrogen temperature. If, by any chance, the tem-
perature drops below −160°C the possibility that the vitrifi ed ice will 
start to crystallize increases. Therefore during transfer and during the 
subsequent investigation, frozen-hydrated samples have to be kept at 
all times at liquid nitrogen temperature and below −160°C, which 
resulted in the name cryoelectron microscopy.

Compared to the commonly used techniques, cryopreparation allows 
us to preserve the native structure of the cytoplasm and the whole 
arrangement within the cell and even the physiological state at the 
moment of plunging. We thus circumvent alterations or modifi cations 
as seen with staining or epoxy resin embedding. The technique is 

Figure 7–8. Steps to be taken in the plunge freezing process. I Apply the solu-
tion containing protein complexes or cells (TEM grid illustrated in a cross 
sectional way). To remove the excess solution and thus adjust the ice layer 
thickness, II blotting is done with a fi lter paper, carefully brought to the front- 
or backside of the TEM grid. After blotting the remaining solution on the grid 
is rapidly plunged III into liquid ethane, and afterwards kept at all times at 
liquid nitrogen temperature to prevent contamination, crystallization or smelt-
ing of the amorphous (vitrifi ed) ice layer. (See color plate.)
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much more sophisticated and the result of the preparation is not known 
until a look is taken through the EM. The task of determining suitable 
processing parameters for the material at hand, to get, in the end, the 
best preparation result for an in-depth investigation of the biological 
structure, can therefore be very tedious.

3.1.3 Cryosectioning
While plunge-freezing is now almost routinely used for the prepara-
tion of purifi ed and isolated macromolecular complexes as well as for 
prokaryotic and very small eukaryotic cells, larger bulky structures, 
such as big mammalian cells or larger organelles, cannot be addressed 
as a whole for EM investigations. However, the technique of sectioning 
using ultramicrotomes, likewise known from epoxy resin-embedded 
samples, has been adapted for the use in combination with high-
pressure frozen samples. To obtain a vitrifi ed sample of a specimen 
tenths of micrometers in dimension, plunge-freezing as described 
above is not suffi cient, because of its limited “depth of vitrifi cation,” 
explained by the freezing rate, which is, for example 106°C/s for pure 
water. If the sample dimensions exceed approximately 10 µm, vitrifi ca-
tion is incomplete, which will result in the formation of cubic ice 
crystals. Therefore, high-pressure freezing is the method of choice, 
because the increase in pressure will lower the freezing rate (Moore, 
1987). The lowest values are observed around 2000 bar, where the 
depth of vitrifi cation increases up to 10 times as compared to freezing 
at ambient pressures (Sartori et al., 1993). The sample material, e.g., a 
cell suspension, is forced into a 15-mm-long copper tube with an inner 
diameter of approximately 0.3 mm. Afterward a pressure of 2000 bar 
builds up in a few milliseconds and, as soon as the pressure is estab-
lished, cooling of the specimen, e.g., with a jet of pressurized liquid 
nitrogen, takes place. Before cutting the sections the copper jacket has 
to be removed using the cryo-ultramicrotome, designed to enable 
cutting at liquid nitrogen temperature. This is normally done with a 
diamond trimming device to form a square face of about 150–200 µm. 
Subsequent sectioning can be carried out using a diamond or a good 
glass knife (Figure 7–9). Cutting conditions such as knife-angle, cutting 
speed and stroke time, and temperature of the specimen, of the knife, 
and of the surrounding liquid nitrogen gas can be adjusted according 
to the specimen properties and the desired section thickness. However, 
the optimum sectioning conditions have to be found empirically in 
each experiment.

In contrast to conventional room temperature sectioning, where the 
sections are fl oated on water, cryosections have to be transferred man-
ually to an EM grid with an eyelash, a tedious procedure that requires 
patience and great skill. The sections tend to attract contaminating ice 
crystals in the preparation chamber of the cryoultramicrotome and 
during transfer to the EM. Furthermore they are generally not fl at and 
exhibit cutting artifacts, e.g., deformation, crevasses, chatter, and knife 
marks (for a complete description of cryosectioning and related cutting 
artifacts see Dubochet et al., 1988; Frederik et al., 1991; Michel et al., 
1991; Sitte, 1996; Al-Amoudi et al., 2005).
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While the idea of high-pressure freezing and cryosectioning is rela-
tively old (Moore and Riehle, 1968; Bernhard, 1965) and commercially 
available instruments have been available for almost 20 years, its impact 
on biological and biomedical research has been comparatively small, 
owing to the fact that its use in combination with cryoultramicrotomy 
is still technically diffi cult, the yield of good micrographs is low, and 
the cutting artifacts in most of the sections complicate subsequent 
image analysis. However, in recent years cryosectioning was somehow 
rediscovered, and improvements have been made to facilitate the freez-
ing and cutting procedure and to minimize the infl uence of cutting 
artifacts (Studer and Gnaegi, 2000; Al-Amoudi et al., 2003). Cryosec-

Figure 7–9. Cryo-sectioning. a) Cross-sectional schematic of the cryo-sectioning process with a 

magnifi cation of the trimmed copper tube and the ‘ribbon’ formed after several cutting cycles. c) 
Low-magnifi cation image of a cryo-section placed on a TEM grid. d) Cryo-electron micrograph at 

tesy of A. Leis and L. Andrees, MPI of Biochemistry, Martinsried, Germany). The cutting artefacts are 
clearly visible.

cryo-ultramicrotome. b) View into the cryo-ultramicrotome during sectioning. The inset shows a 

higher magnifi cation of the sectioned cells (unicellular red algae Cyanidioschyzon merolae; images cour-
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tioning to fabricate thicker sections of 150–200 nm for cryo-ET studies 
or even serial sectioning, likewise used in room temperature experi-
ments (Soto et al., 1994), in combination with cryo-ET would defi nitely 
help in the 3D investigation of larger structures. The production of 
undistorted vitrifi ed sections remains a specialized task and it is by 
no means a routinely used technique. Nevertheless the prospects for 
the future of cryosectioning in combination with cryo-ET are promis-
ing (Hsieh et al., 2002; Leis et al., 2005).

3.2 Radiation Sensitivity—Beam Damage

When biological specimens are irradiated by the electron beam in the 
EM, the specimen structure is damaged as a result of ionization and 
subsequent chemical reactions. Ionization occurs if energy is deposited 
in the specimen as a result of inelastic scattering events. This can pri-
marily induce the heating of the sample in the irradiated area, radio-
chemical decomposition of water (radiolysis), as well as secondary 
chemical reactions (breaking of chemical bonds, formation of new 
molecules or even radicals). Unlike materials science, where beam 
damage is almost negligible, radiation damage in life sciences is the 
fundamental limitation in any cryo-EM investigation.

The damage that occurs depends on the number of electrons trans-
mitted through the sample. Therefore the current density per unit area 
j (A/cm2) multiplied by the exposure time t (s) has been chosen as an 
appropriate measure for the electron dose (C/cm2, or e−/Å2, e− = elec-
trons). This is not the same as the defi nition in radiochemistry, where 
the dose is defi ned in units of gray; the energy adsorbed per unit weight 
(Gy = J/kg). According to the last defi nition, a carbon sample exposed 
to 50 e−/Å2 generated by a 300 kV source would correspond to a dose of 
1.6 × 108 Gy, which, e.g., can be observed in the vicinity of a nuclear 
reaction!

Since the amount of damage is proportional to the applied dose, and 
the amount of exposure received by the specimen escalates with the 
square of the magnifi cation, it is clear that this is the fundamental 
limitation in HREM of biological materials. However, several measures 
can be taken to partially evade this dilemma. Although the ionization 
processes are not temperature dependent, the resulting beam damage, 
e.g., bubbling, mass loss, diffusion of free radicals, is. Therefore, by 
lowering the temperature to, for example, liquid nitrogen temperature 
(∼190°C), radiation damage effects can be drastically reduced. Cooling 
the sample from room temperature to 90 K, the “lifetime” (the time the 
sample can be investigated before structural damage is observed) can 
be increased by a factor of approximately nine, the so called cryoprotec-
tion factor Cp (Knapek, 1982; Conway et al., 1993; Stark et al., 1996). This 
cryoprotection factor is given by the ratio of the critical dose Ne at dif-
ferent temperatures (Ne is defi ned as the dose at which the diffraction 
intensity has fallen to 1/e (∼37%) of its original value (Hayward and 
Glaeser, 1979). Further cooling to liquid helium temperature (∼4 K) has 
been proven to be advantageous for very thin specimens as used for 
electron crystallography or even in selected cases for single particle 
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work [Cp ∼ 2, if compared to liquid nitrogen studies (Fujiyoshi, 1998)]. 
However, the benefi t of liquid helium cooling is still a subject of discus-
sion, especially for cryo-ET, where cells embedded in thick ice layers 
are typically used. Unfortunately, the cryoprotection can be determined 
quantitatively only by measuring the fading of the electron diffraction 
patterns using 2D protein crystals. The transfer of these fi ndings to 
frozen-hydrated specimens of, for example, cellular structures, where 
in most cases no crystalline arrays are present, remains diffi cult and 
therefore these values can be regarded as only a rough estimate. More-
over, the experiments made at helium temperature indicate a change 
in the density of the vitrifi ed ice (after an initial illumination of a couple 
of e−/Å2), from a low-density amorphous phase at liquid nitrogen tem-
perature to a high-density form at liquid helium temperature, which 
could be responsible for the decreased contrast observed at around 9 K 

Downing, 2005; Wright, 2006).
Regarding the complexity of the biological system at hand, every 

sample material will show a slightly different behavior during the 
investigation at low temperatures. High amounts of sugars, for example, 
either as ingredients of the buffer solution (DeCarlo et al., 1999) or the 
RNA content of the macromolecules, tend to increase the acceptable 
dose. Overall it can be said that electron damage at lower temperatures 
induces a gradual loss of high-resolution features, much slower than 
in room temperature experiments, and a reduced mass loss. However, 
at “very high doses” (>500 e−/Å2) extensive mass loss, the formation of 
bubbles, and various other dimensional changes can be seen in all 
cases (Figure 7–10).

Figure 7–10. Electron dose and radiation damage shown for vitrifi ed samples. a) Cryo-electron micro-
graph of a ice embedded prokaryotic cell on lacey carbon fi lm exposed to 50 e−/Å2. b) The same cell 
after an exposure to 500 e−/Å2. The adverse effect of increased electron exposure manifest at the carbon 
foil and within the cellular structure in the formation of bubbles and furthermore in the smelting of 
the ice (Images courtesy of S. Nickell, MPI of Biochemistry, Martinsried, Germany).

(Heide, 1984; Schweikert et al., 2007; Plitzko et al., 2004; Comolli and 
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A second measure among the physical methods to improve the sta-
bility of the sample in the electron beam is the use of intermediate 
voltage instruments. The ionization probability is, in a fi rst-order 
approximation, inversely proportional to the acceleration voltage. Thus 
increasing the acceleration voltage will increase the penetration depth 
and thus reduce the infl uence of multiple scattering. Unfortunately, 
transmission electron microscopes with, e.g., 1250 kV acceleration 
voltage are huge instruments extending over almost three stories of a 
regular building. The cost for the instrument and for all subsequent 
resources is immense, making it almost impossible to place it in a 
normal laboratory environment. Furthermore, the higher the voltage 
used the lower the recorded image contrast, which is undesirable in 
the case of ice-embedded biological samples, where scattering occurs 
mainly from low Z-elements. Therefore, only a few high-voltage EMs 
have been built and installed around the world at selected places. It is 
more practical to operate EMs in the intermediate voltage range, 
between 200 and 400 kV. Instruments with 300-kV guns are the most 
common and they represent a good compromise in costs and resulting 
performance.

A last measure to reduce the exposure to electron radiation is 
the application of so-called “low-dose” acquisition schemes (Dierksen 
et al., 1992; Rath and Marko, 1997; see Section 3.4.7). Only during the 
time of recording electron micrographs is the electron beam allowed 
to illuminate the specimen. In all other cases the beam remains blanked. 
Additionally, the microscope can be preset in different states, to reduce 
the amount of time needed for changing the magnifi cation or the 
adjustment of other electron optical parameters, during the process of 
screening, focusing, and fi nal image acquisition. It is obvious that this 
“low-dose” approach became possible only with the introduction of 
computer-controlled instruments with the necessary stability and 
reproducibility in the illumination system.

During the acquisition of a tilt series in electron tomography, where 
typically 100–200 images are recorded, it is essential that the total 
applied dose stays below a critical value, which is given by the specifi c 
sample at hand. Most biological materials can tolerate an exposure of 
no more than 10 e−/Å2 to 100 e−/Å2, at which point major changes will 
have become evident in the structure of the specimen. According to 
the dose-fractionation theorem (Hegerl and Hoppe, 1976), the inte-
grated dose of a conventional 2D image is likewise suffi cient for a 3D 
reconstruction, if the resolution and the statistical signifi cance between 
the two are identical. It is therefore feasible to distribute the total 
applied dose among as many statistically “noisy” 2D images as possi-
ble. A total applied dose of 50 e−/Å2 distributed among 100 2D images 
over an angular range would correspond to 0.5 e−/Å2 per image. Thus 
the resulting single images will be of a very noisy quality. Depending 
on the detection device utilized the statistical fl uctuations from one 
picture element (pixel) to another can be much greater than the inher-
ent change in image intensity from one pixel to another, i.e., the statisti-
cal fl uctuations may exceed the inherent contrast. While the structure 
of interest is well preserved, it is impossible to observe the structural 
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detail because of the noisy quality of the image, associated with the 
very low SNR. Therefore it is very important that the quality and the 
performance of the detection device are suffi cient to record images, 
even at very low doses (see Section 3.4.5). While the radiation sensitiv-
ity of biological samples restricts the exposure to the electron beam, 
the detection device fundamentally limits the resolution of the recorded 
tomogram. Investigations on ice-embedded biological samples under 
low-dose conditions can literally be described as “cloak-and-dagger 
operations” and only by means of appropriate data acquisition schemes 
and image analysis methods, i.e., tomographic methods, can the struc-
tural “secret” of the biological entity be disclosed.

3.3 Tilting Geometry

3.3.1 Single-Axis Tilting
The quality of a tomographic reconstruction is furthermore dependent 
on the tilting geometry within an electron microscope. In contrast to 
computer-assisted tomography (CT), tilting the specimen through the 
complete angular regime of 180° within the EM is not possible. For the 
collection of a single-axis tilt series, the specimen is typically tilted 
around ±70° in very small increments between 0.5° and 3° and an 
image of the same object area is recorded for every tilt angle. This 
restricted tilt range is due to the limited spacing within the objective 
lens polepieces, the slab geometry of the holder, and moreover the 
planar geometry of the object itself. At higher tilt angles (e.g., ±90°) the 
electron beam is blocked by the holder and eventually by the bars of 
the copper grid, depending on the location of the structure within a 
mesh of the grid. This angular gap can be nicely illustrated in recipro-
cal space (respectively, Fourier space), where a wedge-shaped “blind” 
region is formed, the so-called “missing wedge” (Figure 7–11A). 
However, the requirement for a distortion-free 3D reconstruction, all 
projections of the sample over the complete tilt range (±90°) (Barnard 
et al., 1992), is not fulfi lled, thus leading to imperfections in the recon-
structed object. There are mainly two types of distortions that can 
be distinguished. First the resolution of the 3D reconstruction will be 
direction dependent. The resolution parallel to the tilt axis dx will be 
determined by the resolution of the instrument itself. Perpendicular to 
the direction of the tilt axis, the resolution dy will be directly related to 
the angular increment α0 and thus to the number of projections N. The 
relationship between resolution dy, increment α0, and the amount of 
projections N for a spherical object with diameter D is given by the 
Crowther theorem (Hoppe, 1969; Crowther et al., 1970), based on the 
projection slice theorem (Radon, 1917):

 d
D
N

y = ⋅π

The reconstruction of a 200 nm-thick cell (assuming that the cell is 
spherical), with a resolution of 2 nm, requires 320 projections with an 
angular increment of 0.6°. The Crowther expression assumes that the 
N projections cover the full angular space of ±90°. Therefore the angular 
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gap has to be included to determine the maximum achievable resolu-
tion in a tomogram, which directly implicates the second type of dis-
tortion that can be observed in ET: features will become elongated in 
the direction of the missing wedge. A spherical object, for example, a 
gold bead, will be elongated in its 3D reconstruction. This elongation 
can be described with the elongation factor eyz, which includes the 
maximum tilt angle α (Radermacher and Hoppe, 1980):

 eyz =
+ ⋅
− ⋅

α α α
α α α

sin cos
sin cos

The resolution in the third direction dz, the “depth direction,” is there-
fore further degraded to

 dz = dy ⋅ eyz

To provide the maximum amount of 3D information, as many projec-
tions as possible should be acquired over as wide a tilt range as pos-

Figure 7–11. The diagrams show schematically the sectors in the Fourier domain, which remain 
unsampled owing to the limited tilt range (here ± 60°). a) In single-axis tilting there is a ‘missing 
wedge’. b) In dual-axis tilting a ‘missing pyramid’. The artefacts resulting from the missing informa-
tion are shown below for an ideal thin-walled vesicle. In the single-axis case, the vesicle walls perpen-
dicular to the tilt axis and the poles of the vesicle are poorly represented in the reconstruction. In the 
two-axis case, only the poles of the vesicle are affected by the missing information. In both cases, the 
same threshold level has been applied.
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sible. In practice the molecular resolution is not limited by the Crowther 
criterion but by the structural preservation of the specimen and the 
signal recording and the noise (see above). Moreover, the size and the 
shape of the recorded object are poorly defi ned, especially in cellular 
tomography, where the cellular structure itself consists of objects of 
various sizes. However, it remains a useful guide for the expected reso-
lution for a 3D reconstruction.

3.3.2 Dual-Axis Tilting
To reduce the missing information space in single-axis tomography, the 
acquisition of a second single-axis tilt series, where the tilt axis is 
rotated in-plane by 90°, can offer some remedy. Dual-axis tilting will 
reduce the “missing wedge” to a “missing pyramid” and thus increase 
the amount of information up to almost 20% (Figure 7–11B). Although 
the maximum resolution is not necessarily increased, the achievable 
resolution is defi nitely more isotropic. Moreover, structures that are 
“hidden” in the single-axis case, because of their orientation relative to 
the tilt axis and their location in regard to the missing wedge, will 
emerge in a dual-axis acquisition scheme.

However, dual-axis tilting for cryoapplications is demanding in two 
ways. First, special cryoholders have to be built, to enable the physical 
90° rotation at liquid nitrogen temperatures within the EM (Nickell 
et al., 2003; Gatan, Pleasanton, USA). Second, for the 3D reconstruc-
tion both tilt series have to be combined as accurately as possible, 
which demands refi ned alignment routines (Penczek et al., 1995; 

dual-axis tilt series requires either lowering the dose further or reduc-
ing the number of projections to preserve the structure under inves-
tigation, to comply with the requirements stated above. Dual-axis tilt 
cryoholders are now commercially available, which allows either a 
discrete or semicontinuous in-plane rotation by 90° (Gatan, Pleasan-
ton, CA). The continuous rotation, implemented in side-entry cryohol-
ders, simplifi es the “tracking” (see Section 3.5.7) at lower magnifi cations 
of the sample during the in-plane rotation because the sample stays 
inside the objective. The discrete rotation is done “outside” the objec-
tive lens system but within the vacuum of the system, making it 
sometimes tedious to recenter the region of interest after the in-plane 
rotation.

Despite the missing information in Fourier space (wedge or pyramid), 
a more fundamental limitation in a tilting experiment within the EM 
is the increasing specimen thickness at larger tilt angles. Because of 
the planar (slab) geometry of the sample–holder arrangement, the 
transmission path of the electrons will increase. Simple geometric cal-
culations show that the transmission path of the electrons for a speci-
men initially 100 nm thick will double at 60° (200 nm), almost triple at 
70° (290 nm), and the projected thickness will be increased more than 
fi ve times at 80° (590 nm). Thus at very high tilt angles the image con-
trast is dramatically reduced because of the increase in multiple scat-
tering. For specimens with an initial thickness of more than 500 nm the 
projected thickness at high tilt angles would even prevent the trans-

Mastronarde, 1997; Nickell et al., 2007). It is clear that acquisition of a 
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mission of electrons in commonly used 300 kV instruments! However, 
to preserve the contrast at even higher tilts for imaging thick speci-
mens such as vitrifi ed cells, which can easily reach dimensions of a 
couple of hundred nanometers, energy fi ltering can offer some remedy 
(see Section 3.4.6).

3.4 Instrumentation and Automation

Among the keys to the successful investigation of biological structures 
at cryotemperatures and especially for the application of cryo-ET are 
certainly the transmission electron microscope (TEM), the preparation 
of the specimens (see Section 3.1), and sophisticated acquisition and 
automation procedures (see Section 3.4.7). We therefore have dedicated 
one section of this chapter to the equipment and the technical improve-
ments made, and to a description of the necessary technical require-
ments for 3D structural analysis with the EM.

3.4.1 Acceleration Voltage and Emission
TEMs are now operated typically in an acceleration voltage regime 
between 100 and 1250 kV. With increasing voltage the penetration depth 
of the electrons increases, allowing us to image samples a couple of 
micrometers thick; at the same time the inelastic cross section is 
reduced, thus directly resulting in a longer resistance against beam 
damage (Wilson et al., 1992; Martone et al., 1999, 2000; O’Toole et al., 
1999). However, high-voltage EMs are less frequently used for biologi-
cal studies, mainly because of the decreased image contrast due to the 
reduced cross section. The gain in penetration power is limited, because 
the elastic σel as well as the inelastic cross section σin are in a good 
approximation proportional to 1/β2 (Scherzer, 1970), where β is the 
ratio of electron velocity to the velocity of light (β = v/c). Thus, increas-
ing the acceleration voltage from 100 to 300 kV results in an improve-
ment of a factor of 2, while an additional increase from 300 kV to 1.2 MV 
will result in only a 1.5 times increase (Koster et al., 1997). As men-
tioned earlier, it is more practical to operate EMs in the intermediate 
voltage range, between 200 and 300 kV, because this represents a good 
compromise in cost and resulting performance and, additionally, EMs 
are available in combination with FEGs.

FEGs were implemented in the late 1980s. Compared to thermionic 
emitters FEGs possess several advantages, notably a very small energy 
spread, usually in the range of ∼0.8 eV, combined with an increased 
brightness. Both properties lead to an improved envelope of the CTF, 
since the increased temporal and spatial coherence reduces the 
damping of the envelope function (Frank, 1973). This is especially 
advantageous for ET of ice-embedded specimens at intermediate 
resolution (∼1–2 nm) because a relatively large defocus (several micro-
meters) can be selected without sacrifi cing good contrast transfer. FEG 
instruments at 200 and 300 kV are today’s “workhorses” in many dif-
ferent laboratories from life and material sciences. But LaB6 120-kV 
systems are widespread as well and are adequate whenever high 
resolution is not of major interest, e.g., for sample screening and 
assessment.
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3.4.2 Electron Optics
Like regular light microscopes the EM is built up from three major lens 
systems: the condenser, the objective, and the projective lenses. 
The performance of these electromagnetic lenses almost exclusively 
determines the quality of the recorded image. Most important are the 
properties of the objective lens system, likewise known from light 
microscopy, especially the value of Cs, the spherical aberration coeffi -
cient. The objective lens infl uences the transfer of electrons, and 
together with the illumination system (FEG or LaB6) and the chosen 
focus, is described by the CTF.

The opening in the center of the objective lens system, where the 
electron beam passes, affects the magnitude of Cs. In simple terms, the 
bigger this gap the higher Cs, the higher the contrast, but the lower 
the resulting resolution. However, the sample holder with the speci-
men is located inside the objective lens system and therefore the gap 
dimensions cannot be too small. In particular, to tilt the holder, e.g., for 
an angular acquisition, a considerable amount of space is required to 
allow tilts to higher angles, or the sample holder has to be designed in 
a way to enable tilting even within very small gaps (Fischione Instru-
ments, Inc., Export, PA; Gatan, Inc., Pleasanton, CA). The objective lens 
spacing in current EM systems is in the range of a couple of millime-
ters, thus resulting in Cs values from 0.7 mm (lowest) up to 6 mm 
(highest). For life science applications typically objectives with a Cs 
of ∼2 mm are used, because they offer enough space for tilting the 
specimen and at the same time the possibility of recording high-
resolution images.

Ongoing instrumental improvements include, for example, the use 
of Cs correctors, which, especially in materials science, already revealed 
new possibilities and real image improvement (Haider et al., 1998; 
Lentzen et al., 2002; Jia et al., 2003; Freitag et al., 2005). However, in 
biological EM we have to cope with very weak scatterers and so, for 
reasonable image contrast, we have to defocus in the range of a couple 
of micrometers even for very thin objects. Since this low-frequency 
information is essential for cryo-EM investigations, the advantage of 
Cs correction is almost canceled (Plitzko et al., 2005). However, there is 
reason to believe that Cs correctors might be benefi cial for biological 
EM and especially cryo-EM if used in combination with phase plates 
(Unwin, 1972; Danev and Nagayama, 2001; Majorovits and Schroeder, 
2002; Lentzen, 2004; Marko, 2004).

Another important fact is the change in the direction and angle of 
the tilting axis at different magnifi cations due to a rotation of the image 
within the electron optics of the microscope. Previously this change 
was obvious at every magnifi cation step. It is now partly compensated 
by so-called “rotation-free lens series,” which guarantee an almost 
“fi xed” (in angle and direction) tilt axis in distinct magnifi cation ranges. 
This is crucial, especially in low-dose acquisition schemes, where a fast 
transition and reproducible change between states (see Section 3.4.7) 
and sample areas at different magnifi cations are necessary, e.g., in 
dual-axis experiments to reposition the area of interest after the in-
plane rotation.
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3.4.3 Tilting Device: Goniometer Tilt Stage
As already mentioned, tilting the holder inside the microscope is a 
fundamental requirement for ET. The tilting device, normally located 
outside the EM column, is called the goniometer tilt stage and in some 
instances the “compustage,” because of its power to be controlled by 
computers. However, tilting is now done in an exclusively mechanical 
way, thus resulting in a major practical diffi culty: the mechanical 
imperfections and the inability to set the eucentric height of the speci-
men precisely. The eucentric plane is normal to the optic axis; this way 
a point on the optic axis should not move laterally when tilted around 
the holder axis. As a result, specimens can experience signifi cant shifts 
in the x, y, and z directions during the course of angular acquisition. 
Shifts in the z direction cause severe focus changes, and in an uncor-
rected case, complicate the 3D reconstruction or even render a recon-
struction meaningless.

Typically, side entry holders are used—at the rear part of which a 
small Dewar for liquid nitrogen is located (Figure 7–12). The Dewar is 
connected to a temperature conduction rod, transferring the tempera-
ture of ∼180°C to the specimen mounted at the outermost end of the 
holder tip. The cryoholder, almost 30 cm in length, is tilted by the goni-
ometer around its vertical axis. It is easy to imagine that tilting must 
be very inaccurate. Especially at high tilt angles above ±45° imprecise 
tilting will add up to displacements in the micrometer range. However, 
at a resolution of 10 Å a tolerable deviation would be in the range of 3 Å, 
thus resulting in a discrepancy of three to four orders of magnitude 
between the desired resolution and the actual precision of the tilting 
device. The best current stages can tilt and move the sample within an 
accuracy of 0.5 µm. To partially compensate for the still large displace-
ments, automation is mandatory during the acquisition of a tilt series 
composed typically out of 100 micrographs. Therefore sophisticated 
acquisition and correction schemes have been developed, to keep the 
feature of interest at all times focused and centered (see Section 3.4.7).

Figure 7–12. Photographs of a standard side entry cryo-holder (Model 626 Gatan, Pleasanton, CA, 
USA). a) The holder is almost 30 cm in length and equipped with a nitrogen dewar in the back. b) 
Images of the tip of the holder with open (top) and closed ‘shutter’ (bottom). The stationary cryoshield 
(‘shutter’) protects the grid from mechanical damage and from frost accumulation during transfer 
from the specimen loading workstation (not shown) into the TEM.
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Developments have already been made to test and implement piezo-
controlled stages into the EM environment to allow nanopositioning 
in the order of ∼1 nm, which might enable accuracy during tomo-
graphic acquisition to be improved dramatically (Lengweiler et al., 
2004; JEOL Ltd., Tokyo, Japan).

3.4.4 Cooling System
Since all investigations in cryo-EM have to be made under cryo condi-
tions, i.e., under constant cooling with liquid nitrogen, special holders 
and/or special cryostages have to be designed. Typically, side entry 
holders are used—fi tted with a small Dewar for liquid nitrogen (Gatan 
Inc., Pleasanton, CA). The requirements for mechanical and tempera-
ture stability are severe and it is quite clear that the dimensions of the 
holder tip must be smaller than the polepiece gap of the objective. 
Moreover, special cryoshields have to be installed to guarantee 
contamination-free investigations. They are seated next to the tip of 
the holder inside the microscope and connected to the cooling trap of 
the microscope for constant cooling with liquid nitrogen.

Side-entry cryoholders are routinely used, but recently stages incor-
porating the cooling system within the electron microscope have been 
designed (“Polara” Tecnai F30 by FEI Company, Eindhoven, Nether-
lands, and Jeol 3200FSC by JEOL Ltd., Tokyo, Japan). By including the 
cooling system for the sample holder into the microscope the mechani-
cal stability and the temperature stability of the holder are improved 
enormously, and additionally these systems allow cooling to very low 
temperatures, even to liquid helium temperature (∼10 K). Furthermore 
the temperature can be kept stable over longer time periods; instead 
of hours in the side-entry case, days or even weeks are now possible. 
Moreover the stages designed for these cooling systems can hold 
several samples, unlike the side-entry holder where only one individ-
ual sample can be mounted at a time (Figure 7–13). Additionally, pro-
totypes have been developed and tested holding up to 100 different 
samples, to enable high-throughput applications in the future (Gatan 
Inc., Pleasanton, CA). The exchange of samples is faster and the transfer 
of the samples to the microscope is done under vacuum conditions, to 
minimize the chance of contamination.

3.4.5 Detector
Temperature and mechanical stability of the stages, holders, and goni-
ometers as well as the overall performance of the electron optics are 
crucial for high-resolution data acquisition, however, the quality of the 
detector system used is of vital importance, especially in cryoapplica-
tions under low-dose conditions (Downing and Hendrickson, 1999; 
Fan and Ellisman, 2000). Previously photographic plates were utilized, 
making a fast assessment of the collected data impossible; however, 
today microscopes are equipped with TV rate systems and digital 
cameras (Krivanek and Mooney, 1993; Faruqi and Subramanian, 2000), 
so-called CCD cameras (Janesick, 2001). With the help of the CCD 
camera it is possible to easily calculate online the Fourier transforma-
tion of the image, for example, to determine the focus or to readjust the 
microscope, e.g., astigmatism and coma correction. In principle they 
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are built up from a scintillator (either a single crystal or a polycrystal-
line coating), “decelerating” the electrons and thus creating photons 
by cathodoluminescence. The scintillator is coupled to a fi ber optic 
array, which will transfer the light optical signal to the CCD sensor, 
which is built up from a series of metal oxide semiconductor (MOS) 
capacitors, where the light induces the creation of electron hole pairs 
in the active area.

CCD cameras are now available in dimensions between 1024 × 1024 
and 4096 × 4096 pixels with a pixel size ranging from 15 to 30 µm. Thus 
they are still smaller than the typical photographic plate dimensions 
(∼10,000 × 8000 pixels assuming a pixel size of 10 µm for a typical plate). 
However, CCDs possess an excellent linearity and a large dynamic 
range [i.e., ratio between maximum signal and the root mean square 
(RMS) of the noise level]. Because of the excellent linearity the intensity 
distribution of the recorded image is directly proportional to the 
number of primary electrons hitting the detection device. However, the 
lateral resolution is worse than in photographic plates, because of the 
signal spreading within the whole CCD assembly. This spreading is 
mainly caused by multiple light scattering of the photons created and 
by electron backscattering within the scintillator. Thus a point-like 
input signal produces an output that is spread over several pixels of 
the CCD chip. In real space this will result in a “blurring” of the 
recorded image, which is similar to a Gaussian smoothing of the image. 
In Fourier space it can be observed as a damping of the high spatial 
frequencies. The extent of this spread can be quantitatively analyzed 
by inspection of the modulation transfer function (MTF), which is the 
Fourier transform of the point spread function (PSF), to measure the 
spatial frequency response (Weickenmeier et al., 1995; Ruijter, 1995). 

Figure 7–13. Multispec-
imen chamber and car-
tridges for the Polara 
Tecnai F30 (FEI company, 

lands). a) The multi-
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The second major characteristic of a CCD camera is the sensitivity, 
quantitatively expressed in the detection quantum effi ciency (DQE). In 
combination with the conversion effi ciency (number of created pixel 
electrons per primary electron) the DQE describes the infl uence of 
the detector noise on the SNR of a transferred image and is defi ned as 
the ratio of the square of the SNR at the output to the same quantity 
at the input of the detection device (Herrmann and Krahl, 1982; Fan 
and Ellismann, 2000). There are essentially four main sources of noise: 
(1) variations in the electron conversion of electrons into photons, (2) 
fl uctuations in the generation of electron hole pairs on the chip, (3) dark 
current noise, and (4) preamplifi er noise. To reduce the dark current 
noise, which mainly stems from the electronics, the whole array is 
cooled down to a temperature of −30°C.

Depending on the scintillator material and thickness, the primary 
energy of the electrons, and the coupling of the scintillator to the 
capacitors the detector will show slightly different characteristics 
(Fan and Ellisman, 1996). The scintillator has the key role in the 
performance of an image converter since it primarily determines sen-
sitivity, resolution, and noise contribution. Typically, single crystals 
(YAG = Y3Al5O12:Ce2+) or polycrystalline phosphor scintillators 
(e.g., P43 = Gd2O2S:Tb3+) are used in commercially available CCDs.

Since high resolution is of major interest in materials science, CCDs 
for this purpose are normally equipped with very thin scintillator 
coatings to minimize the point spread function and to obtain the best 
transfer, especially in the high-frequency domain. On the other hand, 
the detection sensitivity and the amplifi cation of the incoming signal 
are of minor interest since the specimens are not subject to restricted 
illumination conditions. This is in contrast to biological applications, 
where low-dose exposure schemes are typically used, demanding a 
very high sensitivity of the detection device and thus a somewhat 
greater scintillator thickness. The optimum thickness of the scintillator 
depends on the application and on the acceleration voltage used. While 
the performance for CCDs in the voltage range below 200 kV is satis-
factory, it drops dramatically for intermediate or high acceleration 
voltages.

However, in principle both are needed; the highest sensitivity com-
bined with the maximum transfer of low and high frequencies. But 
these two requirements are in confl ict with each other; the higher the 
sensitivity, the thicker the scintillator layer, and the greater the pos-
sibility of electron backscattering and multiple light scattering, result-
ing in a severe damping of high-frequency information, especially at 
primary energies at and above 300 keV.

Clearly, the ideal detector for cryo-ET has not yet been invented, but 
there are possible ways to overcome the shortcomings of “classical” 
CCDs, at least to some extent: modifi ed CCDs (Fan et al., 2000), lens-
coupling (Mooney and Krivanek, 1994; Mooney, 2004) instead of fi ber 
coupling, “decelerators” in combination with CCDs (Downing et al., 
2000; Downing and Mooney, 2004), and active pixel detectors (APS; 
Fan et al., 1998; Faruqi et al., 2003a,b; Evans et al., 2005). In lens-coupled 
systems the glass fi ber array, transferring the light without magnifi ca-
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tion, has been replaced by huge optical lenses focusing the photons 
arising from one electron onto the CCD chip. A free-standing scintil-
lator foil generates the light, which is then defl ected by a 45° mirror 
into the lens-coupling system. In this way scattering from the interface 
between scintillator and glass fi bers, and from within the glass fi bers 
is eliminated and moreover the detection of X-ray quanta is completely 
bypassed, since they are not refl ected in the optical mirror. The setup 
provides a defi nite gain in resolution, while the detection effi ciency is 
more or less kept constant if compared to highly sensitive fi ber-coupled 
CCDs (Agard; Mooney, 2004). The main technical diffi culty in lens 
coupling is the quality and thus the performance of the optical lens 
system to guarantee an undistorted transfer (mainly geometric distor-
tions) of the light onto the full array of the CCD chip. Deceleration of, 
e.g., 300 keV electrons to 100 keV is technically diffi cult, because it is 
necessary to slow down the electrons with a “countervoltage” of, e.g., 
200 kV (Downing and Mooney, 2004) before detection. This counter-
voltage is generated with an electrostatic defl ector stack fl oated at a 
voltage comparable to the acceleration voltage of the microscope. The 
CCD, the associated electronics, and the electrostatic defl ector are 
enclosed within an insulated high-voltage tank. However, the shield-
ing of the CCD against AC magnetic fi elds and against possible dis-
charges is still a major technical diffi culty, which will have to be 
addressed in the future.

While lens-coupled systems and decelerators have been designed 
and tested for 300 kV instruments and represent bulky apparatuses, 
detectors based on the active or hybrid pixel sensor designs [mainly 
based on complementary metal oxide semiconductors (CMOS)] come 
in sizes comparable to “classical” CCDs, with the possibility of detect-
ing the incoming electrons directly. Pixel detectors have been success-
fully used in the fi eld of X-ray crystallography and condensed matter 
physics and they do possess some distinct advantages; instead of indi-
rect detection of the incoming electrons, pixel detectors detect the 
signal directly, the lateral resolution is dramatically increased, and 
moreover dark noise (mainly from the electronic readout) is quasi-
nonexistent (Turchetta et al., 2001). The signal produced by pixel detec-
tors is intrinsically digital, thus allowing very fast readouts, but one 
major handicap is their “radiation hardness”; while CCDs can continue 
to be used, pixel detectors do have a somewhat limited lifetime. 
However, recent developments based on the latest CMOS technology 
have shown that the radiation hardness can be increased, e.g., if the 
size of the CMOS capacitors is reduced (Evans et al., 2005).

All three of these different detection “philosophies” are currently 
being tested in prototypes in combination especially with 300-kV 
instruments to fi nd an optimum recording device and a long-term 
solution for digital TEM imaging.

3.4.6 Energy Filter
To image thick specimens such as vitrifi ed cells, the development and 
the subsequent integration of energy fi lters (Krivanek et al., 1991, 1995) 
have been a major breakthrough for biological imaging and especially 
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for ET. Electrons interacting with the sample atoms can be scattered 
elastically (no loss in energy but change in direction) or inelastically 
(loss of energy due to interaction with core shell electrons). The mean 
free path Λin of inelastically scattered electrons (the path length after 
an inelastic scattered electron has been scattered once on average) is 
about 280 nm in vitrifi ed ice at 300 kV at liquid nitrogen temperature 
and around 210 nm at liquid helium temperature (Schweikert et al., 

a thickness in the range above 200 nm multiple scattering is inevitable 
(Figure 7–14). For biological specimens and vitrifi ed ice, which are 
almost exclusively built up of light atoms, inelastic scattering is much 
stronger than elastic scattering. However, the elastically scattered elec-
trons carry the main portion of structural information of the specimen, 
whereas inelastically scattered electrons form a strong inelastic back-
ground and thus contribute signifi cantly to the shot noise of the image 
background, obscuring fi ne details. Because of the different energies 
of inelastically scattered electrons, they are slightly “out of focus” and 
will thus contribute to a “blurring” of the fi nal image and hence they 
decrease the SNR.

Energy fi lters are in principle electron energy loss spectrometers with 
the additional ability to image the sample at a specifi c kinetic energy. 
Introduced in the early 1990s (Krivanek et al., 1992; Probst et al., 1993; 
Gubbens et al., 1993) they are widespread in materials science for the 
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analysis of the chemical composition, either by high resolution electron 
energy loss spectroscopy (EELS) or electron spectroscopic imaging 
(ESI). For a complete description of energy fi lters see Reimer (1995) and 
for electron energy loss spectroscopy see Egerton (1996). Energy losses 
can be selected that are specifi c to certain elements to obtain so-called 
elemental maps, visualizing the elemental distribution in one single 2D 
image (Figure 7–15). However, the dose typically used for an elemental 
map is in the order of 10,000 e−/Å2, thus orders of magnitude higher than 
what would be allowed for the investigation of biological structures. 
Nevertheless, instead of using the specifi c energy loss of elements 
(characteristic ionization edges) for “inelastic fi ltering” it is always pos-
sible to operate the energy fi lter for “elastic” fi ltering or to use a more 
common expression for “zero-loss” fi ltering. The energy-selecting slit 
aperture is positioned around the energy of the primary beam, selecting 
only the unscattered and elastically scattered electrons for imaging. The 
energy window is typically in the range of 20 eV or slightly larger, but 
it has to be smaller than the smallest relevant energy loss in the sample 
(in most cases the 20–25 eV single plasmon loss peak).

Basically the energy fi lter is built up from one or several magnetic 
prisms. If an electron travels through a homogeneous magnetic fi eld it 
will move in circles whose radius is proportional to the kinetic energy 
of the electron, and in this way electrons of different energy are sepa-
rated. In the so-called energy-selective plane (or plane of energy dis-
persion) they are located in different positions, and produce a spectrum, 
which is called the EELS. A mechanical slit aperture can be inserted 
in this plane to select electrons with a specifi c energy. There are basi-
cally two types of energy fi lters: postcolumn energy fi lters (Krivanek 
et al., 1991) and in-column energy fi lters (Rose and Plies, 1974; Lanio, 
1986; Lanio et al., 1986). For the postcolumn fi lter only one 90° magnetic 
prism is utilized and placed at the lower end of an EM behind the 

Figure 7–15. Electron spectroscopic imaging of microtubulis embedded in virtifi ed ice. With the help 
of an energy fi lter one can select energy losses specifi c to certain elements to obtain so-called elemental 
maps. The maps shown here are created with the three-window technique. Two images have been 
acquired in front of the ionization edge (pre-edge images) and one directly after it (post-edge image). 
The two pre-edge images are used to calculate the background intensity, which is extrapolated and 
subtracted from the post-edge image, resulting in the net-signal of the element under scrutiny. a) 
Shows the elemental distribution of oxygen, b) of carbon and c) of nitrogen.
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projective lens system. In-column energy fi lters, mainly omega (Ω) 
fi lters, are placed above the projective lens system of the microscope 
within the column. In omega fi lters the beam has to pass through four 
magnetic prisms in a symmetric path corresponding to the greek letter 
omega.

Energy fi lters are additional optical elements and therefore they will 
add optical distortions of different kinds (spectral aberrations both 
transmissivity and nonisochromaticity as well as geometric distor-
tions; Uhlemann and Rose, 1996) to the fi nal image, which have to be 
compensated by adding additional multipole lenses to the system. In 
the case of the postcolumn energy fi lter (Gatan Imaging Filter, GIF, 
Gatan, Pleasanton, CA) several quadrupoles and hexapole lenses are 
placed behind the magnetic prism to correct these distortions up to a 
certain degree. These lenses have to be aligned on a day-to-day basis, 
to ensure the best performance of the system and, to make life easier, 
the necessary alignment routines have to be computer controlled and 
automated.

Because of the symmetry of the in-column omega fi lter, a number of 
aberrations are canceled out in this type of energy fi lter, simplifying 
the alignment procedure. Furthermore, the pre- and postfi lter electron 
trajectories are parallel, which makes the in-column fi lter design an 
obvious choice. However, in-column fi lters cannot be included in an 
existing TEM column, in contrast to postcolumn energy fi lters, which 
lack the symmetry, but which can be attached to almost every existing 
microscope column.

Moreover, with the addition of energy fi lters the whole electron 
optical path will be increased, thus naturally resulting in an additional 
magnifi cation factor. In the case of the in-column fi lter this magnifi ca-
tion factor is quite small, while for the postcolumn fi lter the magnifi ca-
tion factor ranges between 20 and 40 depending on the acceleration 
voltage used. Obviously, this postmagnifi cation is well suited for high-
resolution work, as typically used in materials science. However, to 
apply the fi lter to biological specimens, the magnifi cation range, in 
which the objective lens is excited (to allow focus adjustments), has to 
be extended to much lower magnifi cations. Therefore special lens 
series have to be utilized, called EFTEM series, which demagnify the 
image, before entering through the spectrometer entrance aperture 
into the energy fi lter. In this way, the magnifi cation factor is reduced 
to a value in the range of 2–3 if compared to images observed on the 
viewing screen. Recently, larger entrance apertures (5 mm in diameter) 
for the energy fi lter have been introduced (Brink et al., 2003) to increase 
the collection angle and thus allow the magnifi cation factor to be 
further reduced. Especially in biological applications in cryoconditions 
where limitations include the dose and thus the applied magnifi cation, 
this has proven to be benefi cial because the fi eld of view (FOV) can be 
considerably increased.

The application of zero-loss fi ltering for collecting high-resolution 
structural data from ice-embedded biological macromolecules, which 
are normally small in size compared to cellular structures, provides 
only a minor improvement, and therefore it is rarely used (Langmore 
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and Smith, 1992; Schroeder et al., 1993; Frank et al., 1995; Zhu et al., 
1997; Angert et al. 2000). Typically these ice-embedded isolated parti-
cles are thinner and thus smaller than the inelastic mean free path and 
therefore the infl uence of inelastically scattered electrons is compara-
bly small. However, zero-loss fi ltering allows the use of smaller defocus 
values without impairing the accuracy of the subsequent alignment of 
the particles as required for averaging (see Section 2.2). In electron 
crystallography, energy fi ltering has its advantages even for thin speci-
mens, as shown by Yonekura et al. (2002). Overall the effect of energy 
fi ltering (especially zero-loss fi ltering) for thick specimens in the thick-
ness range above the mean free path (∼200 nm for 300-keV electrons) is 
more obvious, because details can be observed with a higher contrast 
and higher resolution than in the unfi ltered case (Figure 7–16). More-
over in very thick specimens, in which most of the electrons have been 
inelastically scattered, it is possible to choose an energy-selective 
window close to the most probable, instead of the zero-loss value 
(Olins et al., 1989; Han et al., 1996; Bouwer et al., 2004). Moreover, 
energy fi ltering allows us to estimate or, if the mean free path is known, 
to determine the absolute specimen thickness quickly and simply by 
means of the so-called log-ratio technique (Malis et al., 1988; Grimm 
et al., 1996b); by taking the logarithm of the ratio between an unfi ltered 
image and a zero-loss image the relative thickness of the specimen can 
be obtained in units of the inelastic mean free path. If the inelastic 
mean free path is known this value can be easily converted to the 
absolute thickness. This simple procedure can be additionally utilized 
for the determination of the inelastic mean free path, if the thickness 
of the specimen has been determined by other techniques (Grimm 
et al., 1996b; Feya and Aebi, 1999). Thickness determination is advanta-
geous to ascertain suitable sample areas for follow-up in-depth struc-
tural investigation and thus represents a quality criteria, especially for 
automated acquisition schemes.

Figure 7–16. Infl uence of zero-loss fi ltering on the investigation of ice-embedded thick specimens 
(Thermoplasma acidophilum, images courtesy of C. Kofl er, MPI of Biochemistry, Martinsried, Germany). 
Unfi ltered (a) and zero-loss (b) fi ltered images of a Thermoplasma acidophilum cell. The specimen thic-
kness is almost 500 nm, which is greater than the mean free path of 300 kV electrons in ice at liquid 
nitrogen temperature. The slit-width was 20 eV. c) shows a section through a tomographic reconstruc-
tion based on the fi ltered image set.
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3.4.7 Automation
Experimentally, the acquisition of a tomogram requires recording of a 
“tilt series,” which is a sequence of micrographs from different angles 
containing the feature of interest. However, it took more than a decade 
after the pioneering work of Hart and Hoppe to establish angular 
acquisition schemes, especially under cryoconditions as a routine and 
robust method in structural biology (Hart, 1968; Hoppe et al., 1968; 
Figure 7–17). This is due to the fact that the specimen, or the feature of 
interest, inevitably moves out of the fi eld of view during physical tilting 
of the specimen holder as a result of the mechanical inaccuracies of the 
tilting device (see Section 3.4.3; Figure 7–18A). The adjustment of the 
microscope optics, the recentering of the specimen in the electron 
beam, focusing, and the fi nal recording of the electron micrograph 
were exclusively done by hand in the fi rst experiments. However, the 
additional exposure time required for these steps resulted in the over-
exposure of the specimen and thus in extensive beam damage, which 
fi nally culminated in the loss of the sample. Manual recording of a tilt 
series is therefore inappropriate and the implementation of automated 
acquisition, which includes “tracking” (recentering) of the specimen, 
refocusing with a minimum additional exposure (Dierksen et al., 1992; 

Figure 7–17. Experimental setup for automated tomography based on an intermediate voltage (300 kV) 
instrument (1) equipped with an energy fi lter (2). The CCD camera (3) makes the image formation avail-
able instantaneously and, in conjunction with a computer (4), allows measurement of deviations from a 
perfectly eucentric tilt geometry. This information is then used, in a feedback loop to the microscope, to 
activate auto-tuning functions that compensate for the mechanical imperfections of the system.
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Koster et al., 1992; Braunfeld et al., 1994; Rath et al., 1997), and image 
acquisition, was essential for the success of ET in structural biology. 
Clearly, only with the introduction of computer-controlled electron 
microscopes was automation within reach.

Automated tomography includes three major steps for every tilt 
angle: tracking, focusing, and fi nal image acquisition (Figure 7–18B). 

normally carried out adjacent to the area of interest, to reduce the dose 
that is delivered to the specimen area. These areas are positioned along 
the tilt axis with respect to the actual acquisition area to determine the 
correct shift and focus levels prior to fi nal image recording. During the 
tracking step a micrograph with a very low exposure time at a higher 
binning mode of the CCD camera is acquired, which is correlated with 
a micrograph from the previous tilt. Utilizing cross-correlation or by a 
manual inspection of prominent features (e.g., gold beads), the shift 
relative to the preceding micrograph can be determined. Depending 
on the SNR of the image, the cross-correlation algorithm might fail and 
must be supported by suitable image processing routines, e.g., band-
pass fi ltering or the use of a Hanning window. This is especially the 
case at higher tilt angles where the projected thickness increases. The 
shifts are typically compensated by moving the beam with the image 
defl ection coils back to the region of interest. To obtain a higher accu-
racy (better than 1%) with autotracking the procedure can be repeated 
several times. The offset in z between the object and the tilt axis z0 can 
be minimized by setting the eucentric height. Procedures have been 
developed to adjust the sample z height automatically until minimum 
image movement is detected while the goniometer is wobbling within 
a specifi ed angular range (“Explore3D,” automated tomography soft-
ware of FEI Company, Eindhoven, Netherlands; Schoenmakers et al., 
2005). However, due to mechanical imperfections of the goniometer, it 

Figure 7–18. a) Geometric model of specimen rotation around a tilt axis. b) Automated data collection 
scheme for the ‘full-tracking/ full-focusing’ case. For tracking, focusing and the fi nal image acquisi-
tion the same magnifi cation is used and the beam is adjusted in a way that the areas where tracking, 

times in combination with high binning values (4 × 8 or even 8 × 8) the exposure to the sample in 
auto-tracking and auto-focusing can be minimized. (See color plate.)
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Under strict low-dose conditions, the tracking and focusing steps are 
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is very diffi cult to tune z0 to zero. As a result, the uncorrected residue 
of z0 can still be severe enough to make the object disappear from the 
fi eld of view at high magnifi cation and lead to signifi cant focus changes 
during the acquisition of a tilt series. Furthermore, it is observed that 
this offset in z depends not only on the actual sample being used but 
also varies from point to point within a sample. This can be attributed 
to many factors including nonuniform thickness and fl atness of the 
specimen. Therefore z0 has to be determined during data collection for 
each selected tilt angle.

Automated focusing or autofocusing is achieved by acquiring images 
with different beam tilts (Koster et al., 1992; Koster and de Ruijter, 1989; 
Ziese et al., 2003) prior to the fi nal exposure. It is based on the fact that 
tilting the illuminating beam will result in an image displacement, if 
the image is out of focus. The amount of this displacement, measured 
by means of crosscorrelation, is proportional to the focus change 
and can be used to readjust the objective lens current, rather than using 
the z adjustment of the stage. The amount of shift and focus change 
that occurs during data collection depends on the goniometer and 
specimen holder. In most experiments, accumulated shifts are in 
the order of 1–3 µm during the acquisition of a complete tilt series, 
provided that the specimen was set as accurately as possible to the 
eucentric height.

Image shifts are measured by determination of the peak position of 
the cross-correlation function (XCF) of an image recorded after setting 
a new tilt angle with a reference image that was recorded previously. 
Since the two correlated images are acquired at different tilt angles, 
they will not only be shifted relative to each other but they will also 
differ to some extent as a result of their different projection angles. 
Moreover, a tilted image (assuming the tilt axis is parallel to the y-axis 
and in the center, of the image) will exhibit a defocus difference between 
the left side of the image, the center, and the right side of the image. 
Thus defocus determination by the beam-tilt method for tilted samples 
is impaired by an elongation of the cross-correlation peak, which has 
contributions from areas with different defocus values. Therefore, prior 
to the computation of the cross-correlation function, “stretching” of the 
image at a higher modulus can be applied (Guckenberger, 1982; Ziese 
et al. 2003). “Stretching” is typically done perpendicular to the tilt axis 
by a factor of cos(α − α0)/cos α or a similar expression depending on 
the sign of the actual tilt angle α and the tilt angle increment α0 (Koster 
et al., 1997). Instead of stretching the image, the focus determination 
can also be done in the center region of the image provided that beam 
tilting is done along the tilt axis to minimize errors in the autofocus 
procedure. The accuracy of the beam-tilt autofocus procedure without 
stretching can be as good as ±50 nm (Dierksen et al., 1993).

Since the effective thickness of the specimen in the beam direction 
varies during tilting, the portion of “absorbed” electrons will increase 
with the tilt angle. There are two possible ways to account for this effect: 
a tilting scheme with a fi ner sampling at higher tilt angles and an 
increase in exposure time for higher tilt angles to obtain a similar SNR 
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within the projections of a tilt series. A tilting scheme according to 
Saxton has been widely adapted (“Saxton scheme”; Saxton et al., 1984). 
Since this scheme was proposed for crystalline specimens a slightly 
different expression is typically used in electron tomography:

 αn+1 = αn + arcsin(sin α0 ⋅ cos αn).

To achieve a uniform SNR in the single projections of a tilt series 
and to prevent an insuffi cient SNR at high tilt angles, and an unneces-
sarily high SNR at low tilts, the exposure time can be varied in differ-
ent ways. Instead of using the constant exposure scheme (t = t0) it is 
possible to use an exponential scheme or a cosine scheme to allow for 
the thickness increase at high tilts:

 t t T= ⋅
−( )[ ]0

1
1

exp
cosα

or

 t t= ⋅0
1

cosα

or

 t t= ⋅
[ ]

0
1
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where T is the relative specimen thickness in units of the mean free 
path (Grimm et al., 1998; see Section 3.4.6). For the reconstruction, the 
images have to be normalized with respect to the exposure time, so 
that the incident beam dose will stay nominally constant for all tilt 
angles. Since the thickness of the sample under investigation is nor-
mally not known beforehand, the cosine scheme is favored and is pri-
marily used for the acquisition of a tilt series.

To minimize the electron dose that is delivered to the specimen, the 
images required for these automated procedures have to be recorded 
on areas that do not coincide with the chosen area of interest. This way 
almost all of the total dose (97%) can be employed for the acquisition 
of the single projections and only a fraction of it (3%) is used for the 
autoadjustment procedures. In less strict low-dose schemes, these nec-
essary steps can be performed directly on the region of interest, but 
with different illumination and exposure settings, which will then 
sum up to 10–15% of the total applied dose.

Clearly, tracking and autofocusing prior to the fi nal exposure are 
time consuming. However, with the improvements made in electron 
optics, stage designs, and specimen cooling, even of the already com-
puter-controlled microscopes, it became feasible to use calibration and 
prediction schemes to dramatically reduce the amount of time typically 
used for the acquisition of a tilt series (Zheng, 2004; Ziese, 2002).

The acquisition schemes and software packages of today can be 
grouped in roughly three major domains: the almost classical “full-
tracking/full-focusing,” the “precalibrated,” and the “on-the-fl y or 
dynamic prediction” procedure. Naturally, there are various deriva-
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tives and hybrids of these three different acquisition models, especially 
modifi ed to serve specifi c purposes and applications. The full-tracking 
full-focusing scheme (described above) is the most common, due to the 
fact that it can be literally used universally, e.g., with almost any kind 
of sample and microscope and holder system. However, the time 
required for the recording of a tilt series can be very long, up to several 
hours, depending on the acquisition parameters.

The precalibration model was developed originally for side-entry 
systems. It mainly includes the calibration of the tilting stage synchro-
nized with the specimen holder. The basic idea is that the image move-
ment is determined prior to data collection. The movement of the stage 
is measured with a calibration sample (typically fi ducial markers on a 
carbon foil) both in the xy plane (image shifts) and the z direction 
(defocus change) for the range of tilt angles needed to acquire a tilt 
series. Typically, the calibration is started at a high tilt angle (e.g., either 
−65° or +65°, depending on the characteristics of the stage) and contin-
ues to the outermost tilt on the opposite side. For every tilt angle an 
image is acquired and the image feature is recentered automatically 
(as described above) while the defocus change is measured (not cor-
rected) only with the beam-tilt method. In this way, the absolute image 
shifts in xy and z (defocus) can be determined and stored in a calibra-
tion fi le, which then provides the basis for the xy and z shift compensa-
tion during actual data acquisition. Moreover, it is also possible to 
mathematically model (least-squares fi t) the displacements during 
tilting, based on the calibration curves now available, to predict the 
behavior of the stage. However, there are some restraints on this course 
of action: the calibration strongly depends on the initial setup of the 
microscope (illumination settings, image shift settings, distance from 
eucentricity, initial xy position of the stage), sample being used, and 
thermal stability of the cryoholder utilized. Thermal drift of the speci-
men is not included in the calibration. For higher magnifi cations, espe-
cially, it has to be addressed separately, for example, with an additional 
tracking step by cross-correlation. Additionally, a signifi cant misalign-
ment of the optic axis relative to the tilt axis can necessitate large cor-
rections in both translation and focus, which in turn can lead to image 
rotation and magnifi cation changes. Since the image rotation and a 
possible change in magnifi cation are not covered by the pre-calibration 
procedure, the acquisition is severely hampered. However, prealigning 
the optic axis to the tilt axis by invoking an appropriate amount of 
image shift can circumvent this possible source of error (Ziese et al., 
2002). Based on the measured calibration curve this “optimized posi-
tion” (where the optic axis coincides with the tilt axis) can be deter-
mined and adjusted. Overall, it can be said that even in case of thermal 
instabilities, which will lead to rather small displacements, not every 
change in tilt angle will require a tracking step and thus the acquisition 
of a tilt series by precalibration is defi nitely sped up enormously (fi ve 
times faster than the full-tracking method).

The prediction-based scheme assumes that the sample follows a 
simple geometric rotation and that the optical system can be character-
ized in terms of an offset between the optic and mechanical axes of 
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the microscope (Zheng et al., 2004). In contrast to the precalibration 
and full-tracking procedures where the acquisition begins at one end 
of the tilt range, the prediction scheme starts at zero tilt. In this way, it 
is possible to model and compensate for any errors in sample geometry 
simultaneously. The image movement in the xy and z direction due to 
a stage tilt can be dynamically predicted without precalibration. 
Mathematically, one data point, characterized by the tilt angle and the 
x translation, is suffi cient to calculate the offset between the object and 
tilt axis (z0). However, least-squares fi tting from multiple data points 
is typically used to minimize the consequences of errors introduced 
when measuring the x translation. In this way, it is possible to estimate 
and refi ne “on-the-fl y” the focus offset z0 during the course of data 
collection, with an accuracy of 100 nm.

The microscope optical system (beam/image shift and focus) is auto-
matically adjusted to compensate for the predicted and refi ned image 
movement prior to taking the projected image at each tilt angle. As a 
consequence, it is not necessary either to record additional images for 
tracking and focusing during the course of data collection or to spend 
valuable setup time in a lengthy precalibration of stage motions. 
However, thermal drift is not taken into account in the dynamic predic-
tion procedure, which will affect the precision of the prediction and 
thus the quality of the recorded tilt series.

Nevertheless, the acquisition of tilt series of cryosamples even 
with the given advances in automation is not yet performed on a high 
throughput basis. This is mainly due to the fact that side-entry cryo-
holders are typically used, which are still subject to thermal instabili-
ties, and that the accuracy and reproducibility of mechanical tilting 
still require compensation with elaborate automation procedures (see 
above). However, recent advances in instrumentation, like the integra-
tion of the cooling system into the microscope column, the simplifi ca-
tion of the sample transfer and mounting procedure, multispecimen 
holders, and the development of piezo-controlled stages will widen the 
prospects of high-throughput approaches in the near future.

3.5 Alignment, Reconstruction, and Visualization

3.5.1 Alignment
To obtain the 3D image from a set of acquired projections two initial 
steps have to be carried out: fi rst the individual micrographs need to 
be aligned to a common coordinate system. The second step is the 
actual 3D reconstruction of the tomographic volume. The compensa-
tion of the specimen movement during the data acquisition process 
will keep the feature focused in most cases but the compensation for 
the xy displacement is not suffi cient for a subsequent reconstruction, 
which makes a second, more precise alignment necessary. Primarily, 
the alignment procedure has to determine the angle of the tilt axis and 
the lateral shifts. Other changes, such as magnifi cation changes or 
image rotation, due to large defocus changes during the acquisition, 
have to be determined and compensated for as well, if present in the 
recorded tilt series.
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Alignment of the individual micrographs in cellular tomography is 
normally done by high-density markers, so-called fi ducial markers. 
Typically, spherical gold beads with a diameter of ∼10 nm are added to 
the sample solution or directly onto the carbon foil prior to the vitrifi ca-
tion process. They can be easily recognized within a single 2D micro-
graph as “black dots,” due to their high Z number and thus their 
pronounced elastic scattering. The coordinates of the markers on each 
projection are determined manually or automatically. To minimize the 
alignment error as a function of the lateral translations and the tilt axis 
angle, an alignment model can be calculated based on least-squares 
procedures (Lawrence, 1992). Their locations are then adjusted to a 3D 
coordinate system. Apart from translations, this procedure for the 
determination of a common origin often accounts for possible image 
rotations or magnifi cation changes (Lawrence, 1992; Luther, 1988). 
However, the larger the number of determined parameters, the more 
gold beads need to be located to achieve a suffi cient signifi cance level 
during the minimization of the residual. Therefore, another alignment 
approach is by means of cross-correlating the entire image (Taylor et 
al., 1997) or part of the images. Sequentially the images are compared 
and compensated for image shifts throughout the series. This proce-
dure can be repeated iteratively to achieve a higher accuracy of the 
alignment. However, this approach inevitably requires some approxi-
mation of the shape of the objects to interpolate data from different tilt 
angles. Moreover, distinct features will dominate the outcome of the 
cross-correlation, which might not be suitable for proper alignment. 
Therefore it is often useful to apply image fi lters (Fourier fi lter, Sobel 
fi lter, etc.) prior to the cross-correlation, to enhance features that 
are expected to correlate well. The major problem in using cross-
correlation-based alignment procedures in combination with low-dose 
cryoimages of vitrifi ed samples is the very low SNR of these images 
and the very weak contrast, since cross-correlation methods are typi-
cally very noise sensitive. Therefore they work well only for a limited 
class of specimens, e.g., high-contrast or paracrystalline objects, or in 
cases where fi ducial markers are not present, or diffi cult to add, as seen 
in tilt series from cryosections. The marker alignment method is defi -
nitely more general because it can even cope with very low SNRs and 
is therefore more common in cryo-ET applications.

3.5.2 Reconstruction
Although the fi rst practical formulation for applied tomography was 
achieved in the 1950s (Bracewell, 1956), Johan Radon fi rst outlined the 
mathematical principles behind the technique in 1917 (Radon, 1917; 
English translation in Deans, 1983). The paper defi nes the Radon trans-
form R as the mapping of a function f(x, y), describing a real space object 
D, by the projection, or line integral, through f along all possible lines L:

 Rf f x y ds
L

= ( )∫ ,

where ds is the unit length of L. A discrete sampling of the Radon 
transform is geometrically equivalent to the sampling of an experimen-
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tal object by some form of transmitted signal: a projection. The conse-
quence of such equivalence is that the reconstruction of an object 
f(x, y) from projections Rf can be achieved by implementation of the 
inverse Radon transform. All conventional reconstruction algorithms 
are approximations, with varying accuracy, to this inverse transform. 
It is mathematically convenient to use polar coordinates (r, φ), related 
to Cartesian axes for an explicit description of the Radon transform. 
The Radon transform operation converts the coordinates of the experi-
mental data into “Radon space,” where l is a line perpendicular to the 
projection direction and θ denotes the angle of the projection. Thus a 
point in real space (r, φ) becomes a line in Radon space (l, θ) with the 
relation l = r ⋅ cos (θ − φ). This relationship between real space and 
Radon space allows a more explicit examination of the experimental 
situation. A single projection of a one-dimensional (1D) object, for 
example, a point in real space (a discrete sampling of the Radon trans-
form) is a 2D line at constant θ in Radon space. Thus a series of projec-
tions at different angles will provide an increased sampling of the 
Radon space. Given a suffi cient number of (n − 1)-dimensional projec-
tions (of an n-dimensional object) from different views, an inverse 
Radon transform should reconstruct the n-dimensional object. However, 
in ET the experimental sampling (l, θ) is discrete (limited amount of 
projections in a restricted angular range), therefore the inversion will 
be imperfect and the problem of an undistorted and complete recon-
struction, especially in ET, becomes evident: to achieve the best recon-
struction of the object it is necessary to obtain as many projections as 
possible in an angular regime as large as possible.

In practice the reconstruction from projections is aided by the under-
standing of the relationship of a projection in real space and Fourier 
space. The “projection-slice theorem” states that a 2D projection at a 
given angle is a central section through the 3D Fourier transform of 
this object (Figure 7–19). If a series of projections is acquired at different 
tilt angles, each projection will correspond to part of an object’s Fourier 
transform, thus sampling the object over the full range of frequencies 
in a central section. The shape of most objects will be described only 
partially by the frequencies in one section, but by taking multiple pro-
jections at different angles many sections will be sampled in Fourier 
space. This will describe the Fourier transform of an object in many 
directions, allowing a fuller description of an object in real space. In 
principle a suffi ciently large number of projections taken over all angles 
will provide a complete description of the object. Therefore tomo-
graphic reconstruction is possible from an inverse Fourier transform 
of the superposition of a set of Fourier transformed projections: an 
approach known as direct Fourier reconstruction. This was the 
approach formulated by Bracewell (1956) and was used for the fi rst 
tomographic reconstruction from electron micrographs (DeRosier and 
Klug, 1968). It is also known as “Fourier synthesis” and used for atomic 
structure determination by electron (Henderson et al., 1990) and X-ray 
crystallography (Perutz et al., 1960).

The direct interpretation of the projection-slice theorem would 
suggest a reconstruction algorithm based in Fourier space (Hoppe and 
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Hegerl, 1980). Despite the fact that the fi rst 3D reconstruction by 
DeRosier and Klug (1968) was carried out in Fourier space, it is common 
to use real-space-based reconstruction algorithms, because the practi-
cal implementation of Fourier-space reconstruction is not as simple as 
an inverse transform. The projection data are always sampled at dis-
crete angles leaving regular gaps in Fourier space (Figure 7–20). But 
the inverse transform intrinsically requires a continuous function and 
therefore interpolation is required to fi ll the gaps in Fourier space 
(Crowther et al., 1970). However, the quality of a Fourier-space recon-
struction is greatly affected by the type of interpolation implemented, 

Figure 7–19. ‘Projection-slice theorem’. a) An object is shown in real space (x, y) at the origin, and one 
of its projection images is presented fromed by tilted parallel beams. b) The Fourier transform of the 
projection is a section through the origin of the Fourier space (kx, ky) tilted by θ.

Figure 7–20. Illustration of the effect of sampling at discrete angles in a 2 dimensional example. a) 
For 18 projections over the full angular range at 10° increment. b) For 36 projections at 5° increment 
and c) for 72 projections at 2.5° increment which is almost identical to the original image.
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as examined by Smith et al. (1973). Although elegant, Fourier recon-
struction methods have the disadvantage of being computationally 
intensive and rather diffi cult to implement. Therefore they have been 
superseded by faster real-space alternatives since interpolations are 
easier to implement there.

By far the most widely utilized algorithm is weighted backprojection 
(Radermacher, 1992). Algebraic reconstruction techniques (ART) are 
also well established, despite the fact that they were subject to criticism 
in their beginnings (Crowther and Klug, 1971; for a detailed review of 
reconstruction algorithms we refer to Frank, 1996). The theory of back-
projection relies on a simple principle: a point in space may be uniquely 
described by any three “rays” passing through that point. However, as 
the object increases in complexity more “rays” are required to describe 
it uniquely. A projection of an object is the inverse of such a “ray,” and 
will describe some of the complexity of the object at hand. Therefore by 
inversing the projection, smearing out the projection into an object space 
at the angle of projection, a “ray” is generated that will uniquely describe 
an object in the projection direction, a process known as backprojection. 
With suffi cient projections, from different angles, the superposition of 
all the backprojected “rays” will reproduce the shape of the original 
object—a reconstruction technique known as direct backprojection. 
Direct backprojection is used for reconstruction in classical computer-
assisted tomography (CT; Herman, 1980), and it was the technique used 
by Hart (1968) for the “polytropic montage.” It was also mentioned as 
an alternative to Fourier methods by Crowther et al. (1970).

However, reconstructions made by direct backprojection are excep-
tionally blurred, showing distinct enhancement of low frequencies, 
while fi ne spatial details are reconstructed poorly. This problem is an 
effect of the uneven sampling of spatial frequencies in the series of 
original projections (Figure 7–21). In 2D each of the acquired projec-
tions is a line intersecting the center of the Fourier space. Assuming a 
regular sampling of Fourier space in each projection, far more sam-
pling points are located in the center of Fourier space than in the 
periphery. The outcome of this is an “undersampling” of the high 
spatial frequencies and an “oversampling” of the low spatial frequen-
cies of the object, which will subsequently result in a “blurred” recon-
struction. Therefore, to remove the blurring in real space and to restore 
the correct “frequency balance” in Fourier space, it is necessary to 
apply weighting schemes. The weighted backprojection consists of two 
steps: First the aligned projections are weighted in Fourier space by a 
function that characterizes the different sampling density in Fourier 
space. Assuming an infi nitely small tilt increment the weighting has 
to be proportional to the amount of the spatial frequency orthogonal 
to the tilt axis (“analytical” weighting); more precise weighting (“exact” 
weighting) has to consider the shape function of the object to approxi-
mate the sampling density in Fourier space, normally using a sine 
function, which is retained only up to its fi rst zero crossing (Harauz 
and van Heel, 1986; Hoppe and Hegerl, 1980). The second step is the 
backprojection of the weighted micrographs into the reconstruction 
body, most frequently by trilinear interpolation.
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ART formulates the Radon transform as a system of algebraic equa-
tions. The inversion of this algebraic system is performed iteratively 
until self-consistency is achieved. The solutions of both reconstruction 
methods should be similar; however, ART determines the correct 
weighting parameters automatically whereas weighted backprojection 
requires a priori knowledge about the specimen to provide a correct 
weighting parameter for exact weighting. Despite this fact weighted 
backprojection is used in most software packages for 3D reconstruction 
due to its computational speed. However, the development of parallel-
ized implementations as described in Fernandez et al. (2002) might 
establish ART as an alternative.

Several methods have been introduced to increase the quality of 
tomographic reconstructions, i.e., improving the SNR of the data and 
fi lling unsampled regions of the object’s Fourier space with consistent 
data. All of these methods incorporate additional constraints to restrict 
the solution of the reconstruction. Application of solvent fl attening in 
single particle analysis (van Heel, 2000), projection onto convex sets 
(Carazo and Carrascosa, 1987), or the Gerchberg–Fienup algorithm 
(Spence et al., 2003) in electron crystallography can improve the 

Figure 7–21. Illustration of the sampling ‘density’ problem in Fourier space. 
The large number of sampling points at low frequencies (darker area) are in 
contrast to the periphery (high frequencies), very only few sampling points 
are included in the single projections (brighter area). This sampling imbalance 
will result in ‘blurred’ reconstructions, which can be overcome by weighting 
schemes.
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resulting reconstructions considerably. Despite this fact, in most cases 
collection of suffi cient data is preferred since confi ning the basis set of 
the reconstruction can cause artifacts. In cryo-ET there is typically no 
a priori information available; furthermore the data are not fully con-
sistent because some features occurring at high tilt angles are not 
present in low tilt angles, i.e., the “unit cell is only partially defi ned” 
(Hoppe and Hegerl, 1980). Therefore, refi nement techniques are com-
monly not used in cryo-ET, despite unproven claims of resolution 
improvement close to the subnanometer regime (Sandin et al., 2004). 
To extend the interpretability of tomograms beyond the fi rst zero of 
the CTF it would be necessary to correct for the effects of the CTF as 
is done in single-particle analysis. Corrections based on exit-wave 
reconstruction, which rely on very few projections, have been pro-
posed to extend the achievable resolution of tomograms (Han et al., 
1996). For practical implementation of a CTF correction for tomography 
the lateral focus gradient, particularly for high tilt angles, needs to be 
incorporated, which make exit-front reconstructions considerably more 
complicated. A simpler restoration method, which requires only one 
micrograph per tilt and incorporates the lateral focus gradient, has 
been realized recently (Winkler and Taylor, 2003). However, this res-
toration method is designed primarily for thin specimens. In cryo-ET, 
CTF corrections have not been established yet. This is primarily due 
to the fact that the SNR of the individual micrographs is still too low, 
particularly because of the poor MTF of the CCD cameras, which pro-
hibits a precise determination of the CTF.

3.5.3 Visualization and Image Analysis
The interpretation of tomograms at the ultrastructural level requires 
decomposition of a tomogram into its structural components, e.g., the 
segmentation of intracellular membranes or the assignment of organ-
elles. Currently, a manual assignment of features is commonly used 
because human anticipation is still superior in most cases to available 
segmentation algorithms, although machine-based segmentation is in 
principle more objective (Frangakis and Hegerl, 2002; Volkmann, 2002). 
Instead of addressing the ultrastructure (Ladinsky et al., 1999), cryo-ET 
provides the basis for interpreting tomograms even at the molecular 
level. However, the analysis and 3D visualization are hampered by a 
very low SNR. To increase the SNR, so-called denoising algorithms 
have been developed (reviewed in Frangakis and Foerster, 2004). These 
algorithms aim to identify noise and remove it from the tomogram, but 
in practice, they also remove a certain fraction of the signal, resulting 
in data with reduced information but higher SNR. The simplest denois-
ing techniques used diverse linear fi ltering operations, such as a simple 
low-pass fi ltering in Fourier space. Better signal preservation can be 
achieved by nonlinear fi ltering algorithms, such as nonlinear anisotro-
pic diffusion (NAD) (Frangakis and Hegerl, 2001; Fernandez and Li, 
2003) or bilateral fi ltering (Jiang et al., 2003b). NAD is particularly 
useful for the visualization of the ultrastructural features because it 
can enhance features such as membranes. In addition, these fi lters 
preserve the signal, without major alterations, which is especially suit-
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able for visualization at the molecular resolution level. Denoising based 
on the wavelet transformations (Stoschek and Hegerl, 1997) maintains 
the high-resolution content, but requires immense computational 
efforts, thus currently favoring the former approaches.

CET enables us to resolve large macromolecular complexes such 
as the 26S proteasome inside intact cells (Medalia et al., 2002). High-
resolution structures of numerous macromolecules are available from 
X-ray crystallography or nuclear magnetic resonance (NMR). The 
purpose of many ongoing structural genomics projects is to generate 
a comprehensive library of protein structures. Therefore, molecular 
recognition is the task of locating a priori known structures in the 
context of cells or other complex biological samples rather than clarify-
ing structurally novel features, e.g., as intended with denoising 
methods. Mapping of macromolecules on the basis of their structural 
signature requires the quantitative comparison of tomogram data with 
a library of macromolecular structures. Ideally, the search of tomo-
grams should be exhaustive and would reveal a cellular atlas of resolv-
able macromolecules. Simulations and experiments with “phantom 
cells,” i.e., liposomes encapsulating macromolecules, indicated that 
such an approach is feasible (Boehm et al., 2000; Frangakis et al., 2002). 
The information addressing the spatial relationship of different com-
plexes fosters and complements other proteomic methods and will be 
indispensable for structural proteomic approaches (Sali et al., 2003). 
The most common molecular detection algorithm is a locally normal-
ized, matched fi lter, introduced in a different context (Roseman, 2000, 
2003). It was modifi ed to account for the missing-wedge effect (Fran-
gakis et al., 2002) and applied to cryotomograms (Rath et al., 2003). 
These applications demonstrated that it is feasible to identify large 
macromolecular complexes (>500 kDa) within cryotomograms with 
high fi delity. Furthermore, the high computational demand of template 
matching is signifi cantly reduced by parallelization. The information 
an individually resolved macromolecule contains is limited because of 
the low electron dose and the missing-wedge effect. Averaging tech-
niques aim to overcome the dose limitation of resolution by explicit 
averaging of different reconstructions from the same particle. Iterative 
algorithms are used to align subtomograms of arbitrarily oriented 
copies of a particle and obtain a consistent average. Medium resolution 
(2–3 nm) structures of the thermosome and tricorn could be obtained 
from cryotomograms of purifi ed complexes (Walz et al., 1997b; Nitsch 
et al., 1998). Generally, the resolution from cryo-ET is inferior to 
conventional single-particle reconstructions, which use 2D projections 
of particles recorded on fi lm to obtain 3D structures. Considering 
the aforementioned dose fractionation theorem (see Section 3.2), the 
higher information content of tomograms should favor averaging of 
tomograms over the averaging from projections. However, the low 
resolution of CCD cameras compared with that of fi lm, the alignment 
error of the micrographs prior to 3D reconstruction, and the current 
inability to correct reliably for the CTF argue against averaging of 
tomograms. Nevertheless, cryo-ET can provide medium-resolution 
structures of protein complexes without using extensive purifi cation 
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procedures (Foerster et al., 2005). Furthermore, structures obtained by 
cryo-ET can be used as starting models that are refi ned by single-
particle techniques or can be combined with other higher resolution 
structural techniques to provide comprehensive descriptions of molec-
ular complexes.

3.5.4 Identifi cation Strategies of Macromolecular Complexes
A very common approach to the task of locating features of known 
structure in an input scene is “matched fi ltering.” Matched fi ltering is 
basically the computation of a suitable cross-correlation function (CCF) 
of the template, a macromolecule of known structure, and the input 
scene, the cryo-electron tomogram (Figure 7–22). Cross-correlation 
functions are straightforward to compute as a function of spatial 
parameters r, since they can be calculated using use the fast Fourier 
transform (FFT) (F):

 CCF I T F F I F Tr r r r
r

= ⋅ = ( )⋅ ( )[ ]+ ′ ′
−

′
∑ 1 * .

The gray values of the input scene are denoted Ir and the template’s 
gray values are Tr. The maxima of this cross-correlation function should 

Figure 7–22. Detection and identifi cation of individual macromolecules in cellular tomograms is 
based on their structural signature. Because of the crowded nature of the cytoplasm and ‘contamina-
tion’ with noise, an interactive segmentation and feature extraction is not feasible. It requires sophis-
ticated pattern recognition techniques to exploit the information contained in the tomograms. A 
volume rendered presentation of a 3D image is presented on the left. Even though some high-density 
features may be visible, an unambiguous identifi cation of individual structures would be diffi cult if 
not impossible given the residual noise. An approach, which has proven to work, is based on template 
matching. Templates of the macromolecules under scrutiny are obtained by a high- or medium resolu-
tion technique (X-ray crystallography, NMR, electron crystallography or single particle analysis). 
These templates (4 times magnifi ed in this fi gure; 20S proteasome and thermosome) are then used 
to search the entire volume of the tomogram systematically for matching structures by three-
dimensional cross-correlation and the result is refi ned by multivariate statistical analysis. In principle 
the 3D image has to be scanned for all possible Eulerian angles ϕ,ψ and θ around three different axes, 
with templates of all the different protein structures one is interested in e.g. the thermosome (blue) 
and proteasome (yellow). The search procedure is computationally very demanding but can be paral-
lelized with respect to the different angular combinations in a highly effi cient manner. Finally, the 
position and orientation of the different complexes can be mapped directly in the 3D image. (See color 
plate.)
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mark the positions of the features in the input scene. Three different 

conventional XCF, phase-only fi ltering (POF), (Horner and Gianino, 
1964), and mutual cross-correlation function (MCF; van Heel et al., 
1992). In all those methods a cross-correlation function is computed: 
The XCF computes the unmodifi ed cross-correlation function of tem-
plate and micrograph whereas the POF and MCF vary the moduli of 
the template to sharpen the cross-correlation peaks. In electron micros-
copy especially, the low frequencies carry an extraordinarily strong 
signal, which can be misleading (van Heel et al., 1992). The strength of 
the low-frequency contributions can differ considerably within elec-
tron micrographs of amorphous specimens, such as vitrifi ed speci-
mens, since these are typically nonhomogeneous. The POF sets the 
moduli of template and input scene to one while the MCF replaces the 
moduli by their square roots to reduce the infl uence of the very low-
frequency amplitudes systematically.

Another way of taking into account the strong local variations of the 
image contrast has been introduced recently (Roseman, 2000). By nor-
malizing the XCF to the local cross-correlation function (LCF) variance, 
the effi ciency of locating local features such as macromolecules within 
a micrograph can be increased signifi cantly. Typically, the normaliza-
tion region should correspond to the shape of the molecule. This cal-
culation of the local variance does not lengthen the computing time 
unreasonably, since it can be calculated very effi ciently in Fourier space 
too (Figures 7–23 and 7–24).

Figure 7–23. Mapping ribosomes in an intact S. melliferum cell. a) x–y slice from the corresponding 
tomogram. Image analysis of this portion of the cell is displayed in subsequent panels. b) Locations 
and orientation of all ribosomes detected by template matching. Each 70S ribosome is represented by 
the averaged density (see Fig. 26) derived from the tomogram. The colour coding indicates the detec-
tion fi delity; green is high, yellow is intermediate, red is low and probably represents false positives. 
The brightness of the colour corresponds to correlation peaks heights. c) Final ribosome atlas after 
removal of putative false positives (images courtesy of J. Ortiz, MPI of Biochemistry, Martinsried, 

CCFs have been introduced in the fi eld of 2D electron microscopy: 

Germany; Ortiz et al., 2006). (See color plate.)
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To evaluate which fi lter is best for the task of locating macromole-
cules, some theoretical considerations are useful. The conventional 
XCF has been shown to be optimal with respect to minimization of the 
location error (Kumar et al., 1992) and high SNR of the resulting func-

features within micrographs or cryoelectron tomograms yields intoler-
ably high rates of false positives; the XCF tends to locate high-contrast 
features rather than low-contrast macromolecules. The same typically 
holds for the MCF, whereas the POF overamplifi es noise, which makes 
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Figure 7–24. a) Histogram of experimentally obtained CCCs (dashed line). Ideally, the histogram 
should be Gaussian, refl ecting the variances in SNR of individual ribosomes in the tomogram, and 
thresholding of the CCC should allow discriminating between correctly identifi ed ones and false 
positives. Non-specifi c correlation with high contrast features such as the cell membrane, leads to a 
relative large number of false positives. For an objective setting of thresholds, the Gaussian fi t (con-
tinuous line) was divided into three probability sectors larger than the mean CCC value (I, dark grey); 
lower than the mean value up to one standard deviation (II, intermediate grey); lower than the mean 
value and between one and two standard deviations (III, light grey). The spreadsheet in b) illiustrates 
the Gaussian fi t of the experimental distribution of CCCs and the fi delity of the experimental detection 
of 70S ribosomes. About 80% of the particles are detected with more than 85% reliability (images 

0.3 CC>0.257

tion (VanderLugt, 1964). However, use of the XCF for locating small 

≥ ≥

courtesy of J. Ortiz, MPI of Biochemistry, Martinsried, Germany; Ortiz et al., 2006).
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it unfavorable. Therefore, local normalization is appropriate. However, 
regarding the SNR of the resulting correlation function, the LCF is 
inevitably worse than XCF or MCF; confi nement of the correlation to 
N voxels raises the noise level, which should be proportional to N−1/2. 
The size of the normalization region should correspond to the envelope 
of the template under scrutiny. Choosing the local region larger will 
increase the SNR of the fi lter output at the cost of increasing the chance 
of false positives simultaneously, in particular if particles tend to be 
very dense within the input scene. Whenever justifi ed circular (2D) or 
spherical (3D) normalization regions (Θ) will be used because this 
accelerates the computation considerably compared to approaches 
using asymmetric regions. If the template has one rotational degree of 
freedom perpendicular to the specimen plane within the input scene, 
the problem of matching a 2D template in a 2D image can be formu-
lated as determining the maxima of a cross-correlation function as a 
function of spatial variable r and rotation angle ϕ:

 XCF I R Tr r r r
r

,ϕ ϕ= ⋅ ( )+ ′ ′
′

∑ .

Here Rϕ denotes the rotation operator. By expanding the template in 
circular harmonics, exhaustive scanning of the polar angle ϕ can be 
avoided (Kunath and Sack-Kongehl, 1989). In 3D, the problem of fi nding 
a macromolecule in a tomogram that matches a 3D template by cross-
correlation becomes six-dimensional: Using the Euler angles ϕ, ψ and 
ϑ to describe the orientation, the maxima of the CCFr. ;ϕψϑ are to be 
determined. Again, the translational dependence can be covered using 
FFT, but it is normally necessary to perform an explicit scanning in 
angular space to cover those parameters. An exhaustive search is com-
putationally very time demanding. However, because of the emerging 
facilities of parallel computing this task can easily be faced: Since the 
CCF can be computed individually for different orientations, the entire 
calculation can be distributed over different processors with hardly 
any administrative overlap (Frangakis and Hegerl, 2002; Rath et al., 
2003).

In cryo-ET the partial sampling of the object’s Fourier space, the 
“missing wedge,” has to be considered further. This can be done by 
confi ning the correlation to the sampled region in Fourier space or 
equivalently by convoluting the object with the point-spread function 
(Frangakis and Hegerl, 2002). In the framework of the locally normal-
ized CCF the missing wedge affects the local normalization. The 
missing wedge can be taken into account in Fourier space by multipli-
cation of the template with a suitable binary function or equivalently 
by convoluting with a suitable PSF in real space. In this notation, the 
confi ned cross-correlation function can be defi ned as

 CCF
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where Īr′ represents the local mean value within Θ. A natural way of 
avoiding the limitation of beam damage in tomography is averaging 
of copies of structural elements occurring in a tomogram. Saxberg and 
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Saxton (1981) already concluded from their results on resolution limita-
tion in electron tomography due to beam damage that averaging is a 
practical way of increasing the effective electron doses and should be 
considered to achieve high resolutions. The importance of those tech-
niques to derive information on the molecular level was reemphasized 
recently (Steven and Aebi, 2003).

According to the dose fractionation theorem a tomogram describes 
a volume element with the same statistical signifi cance as a projection 
with the same dose (Hegerl and Hoppe, 1976; McEwen et al., 1995). 
Therefore, tomograms should be just as well suited to posterior averag-
ing procedures for obtaining high-resolution information as compared 
to single-particle averaging. In practice, both approaches have their 
pros and cons, which are discussed below.

Averaging of particles from tomograms can be performed in the 
same way as single-particle averaging. Projection matching is crucial 
in these techniques: The individual particle projections are iteratively 
aligned to projections of a reference from different angles by means of 
cross-correlation. The reference is thus the average of the particles 
using the orientations and displacements of the previous iteration. The 
iterative refi nement of orientation and displacements improves the 
resolution of the average until convergence is achieved. The analogous 
procedure in cryo-ET could be termed “tomogram matching.” Subto-
mograms containing the roughly centered particles of interest need to 
be extracted from the entire tomogram and aligned using procedures 
as sketched in Figure 7–25. The aim of those tomogram matching pro-
cedures is to optimize the orientations, i.e., the Euler angles ϕ, ψ, and 
ϑ, and the displacement shifts of the individual particles. A fi rst real-
ization of this approach was reported by Walz et al. (1997). Application 
of this implementation on tomograms of purifi ed protein complexes 
resulted in the generation of a pseudo-atomic map of the thermosome 
in the open conformation (Nitsch et al., 1998).

Figure 7–25. a) Averaged structure of the 70S ribosome derived from the dataset above (average from 
300 individual particles to ∼4 nm resolution). The map highlights the 30S subunit in yellow. b) Docking 
of high resolution structures of the 70S ribosome into the map shown in A. c) “Crown view” of B 
(images courtesy of J. Ortiz, MPI of Biochemistry, Martinsried, Germany). (See color plate.)
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However, cryo-ET is conventionally not used for this purpose for 
several major reasons: (1) It is much easier to acquire the data by spend-
ing the entire dose on only one projection; this makes acquisition of 
large amounts of individual molecules much easier. (2) The SNR of a 
projection of a particle is better than the SNR of a tomogram of the 
same particle acquired with the same electron dose. (3) There is only 
one level of alignment: In tomography the projections need to be 
aligned to a common origin prior to aligning the individual particles 
with respect to each other. Both steps inevitably introduce errors that 
sum up.

But averaging of cryo-ET data can offer some advantages that are 
worth the additional efforts in some cases. The most important reason 
is the ability to image nonpurifi ed samples (Figure 7–26). CET is cur-
rently the only technique that can be used for quaternary structure 
determination of fragile or even transient complexes. The degree of 
alteration that biological macromolecules undergo under physiological 
conditions is largely undetermined since there was no imaging tech-
nique that could resolve them in the context of a cell. Apart from this, 
averaging of subtomograms also offers one principal advantage com-
pared to averaging from projections: It is fundamentally easier to 
determine the orientations of an individual copy from 3D data than 
from projection data.

4 Perspectives: New Strategies and Developments

The achievements made by cryo-ET over the past decade have proven 
the possibilities and the feasibility of this technique for quasi in vivo 
studies of the ultrastructure and larger supramolecular assemblies 
within whole cells. However, based on the initial developments in 
cryo-ET, major improvements in instrumentation and sample prepara-
tion have to be made in the future to exploit its full potential.

The ultimate goal in structural biology is to investigate the 
structure–function relationship of molecular complexes and supramo-
lecular assemblies in their native environment, e.g., in large cells or 
even tissue, across several dimensions, from the micrometer level 
to the subnanometer level, and if possible within one single experi-
ment, to realize the complete view into the inner space of cells and its 
constituents. Even at the present practical level cryoelectron tomo-
grams of organelles and cells contain an imposing amount of informa-
tion. They are, essentially, 3D images of entire proteomes, and they 
should ultimately enable us to map the spatial relationships of the full 
complement of macromolecules in an unperturbed cellular context. 
However, it is obvious that new strategies in sample preparation, 
advancements in instrumentation, and innovative image analysis tech-
niques are needed to make this dream come true, at least to some 
extent.

In principle there are three major routes to increase the image 
quality, and especially the 3D image quality, which are intrinsically 
linked to each other: (1) the technological developments comprising 
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advanced electron optics, highly resolved high-sensitive detection, 
improved tilting devices, and the geometry of the sample holder, (2) 
the sample preparation and thus the quality of the sample, and (3) 
the design of new software algorithms and acquisition schemes to 
guarantee a quantitative, objective, and exhaustive analysis of the 
recorded data.

TEM or EM is still a very young method if compared to light micro-
scopy. While the latter was developed and improved over centuries, 
EM has a history of less than 80 years. Microscopes can now easily can 
reach a resolution in 2D of less than 1 Å, clearly orders of magnitude 
better than what light microscopy can offer. However, the electron 
optical system, determined mainly by the objective lens system and 
characterized by the spherical and chromatic aberration coeffi cients, is 
far from being ideal and is still inferior to light optical devices. Simpli-
fi ed, the performance of present objective lens systems in EM can be 
described as an attempt to focus through the bottom of a champagne 
bottle. This way, the quality of the recorded micrograph in EM suffers 
greatly from the severe shortcomings of the objective lens system, e.g., 
the higher the spherical aberration coeffi cient Cs, the better the result-
ing image contrast, but the lower the resolution. However, the spherical 
aberration coeffi cient is linked directly to the “spacing” inside the 
objective lens system and thus determines the maximum achievable 
tilt range for an angular acquisition. Recent developments in Cs correc-
tion technology for TEM (and even for SEM) demonstrated the possi-
bilities and the fi nal image improvement, especially in material science 
studies. However, EM investigations of biological samples at cryotem-
peratures are characterized by a very low image contrast, due to the 
very weak scatterers, mainly low Z elements, such as carbon, oxygen, 
and hydrogen.

Thus high defocus values are more or less mandatory, to increase 
the image contrast. Unfortunately, by tuning the objective lens to very 
low defocus values of a couple of micrometers, low-frequency infor-
mation is enhanced, while high-frequency information is almost 
completely obscured if not totally lost. Thus Cs correction without 
any additional equipment is not an option in any cryo-EM study, 
because the actual improvement in image quality is restricted to a 
defocus regime in the range of a couple of tenths of nanometers, thus 
orders of magnitude higher than what would be needed for a high-
contrast (low-dose) cryoimage. Nevertheless, it might be possible to 
increase the contrast without defocusing the objective lens, by using 
so-called phase plates in combination with Cs correctors. The benefi t 
of Cs correction would then become clearly visible, because even high-
frequency information would be accessible. Clearly the design and the 
application of phase plates are not new, but the technological prob-
lems in former times could not be addressed to enable their routine 
use. Two of the major problems were contamination and stability. 
While placed in the back focal plane, very close to the sample, con-
tamination caused charging and drift problems. Moreover, because 
the stability was low, it was mandatory to readjust the phase plate in 
respect to the central beam, which, in terms of required accuracy, is 
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possible today only with piezo-controlled stages. However, present 
achievements and possibilities in nanostructuring and nanotechnol-
ogy made it possible to utilize the already existing designs of phase 
plates, addressing the aforementioned problems, and place them in a 
normal EM environment.

The prospects are good and in the near future experiments will be 
done to show not only the feasibility of this approach, but also the fi nal 
image improvement if, for example, used in combination with Cs cor-
rection. However, the total sum of elastically scattered electrons will 
be reduced and thus the large fraction of inelastically scattered elec-
trons has to be removed or even utilized for fi nal image formation. 
“Removal” can be done with imaging energy fi lters, which are now 
routinely incorporated into the EM setup. They are especially helpful 
in studies in which thick cells or sections are used, because the larger 
the material layer to be penetrated by the electron beam, the larger the 
fraction of inelastically and multiple-scattered electrons. They will 
have a different energy, and thus they will be slightly out of focus, 
blurring the recorded image. However, if the chromatic electrons are 
removed, the image contrast can be defi nitely improved, but the number 
of elastically scattered electrons (forming the image) will be just a frac-
tion of the total sum of electrons leaving the sample. In most cases the 
amount is only a half or a third of the total applied electron dose to 
the sample, which contributes to fi nal image contrast. This way, the 
detection has to be very sensitive, so that literally every electron will 
count. Today, typically CCD cameras are used, which detect the signal 
indirectly and which add noise to the recorded image. Moreover the 
signal is spread over several pixels, decreasing the lateral resolution 
and thus the transfer of the recorded image. Direct detection would be 
benefi cial and favorable, because every electron would contribute to 
the fi nal signal, with no readout noise and the best possible lateral 
resolution. Developments will utilize detectors based on CMOS tech-
nology, which will guarantee a noise-free detection and, if back-
thinned, a highly resolved recording. However, the radiation hardness 
of these devices, for 300-keV electrons, is at the moment insuffi cient for 
routine use in EM, but improvements are being made to increase the 
lifetime of these detection devices, so that they can be used almost 
continuously.

Since we cannot increase the total applied dose to the sample, not 
even by cooling to liquid helium temperature, the only option we do 
have is to increase the performance of the detection device and the 
electron optics. If, for example, an almost ideal detector, could be 
utilized, the dose in a recorded image can be as low as possible 
and thus the number of acquired projections in an angular regime 
can be as large as possible. This way the fi nal resolution would be 
defi nitely improved. Moreover, if high-end electron optical systems 
are used, e.g., Cs or even Cc correctors (which would even utilize the 
fraction of inelastically scattered electrons for image formation) 
in combination with phase plates and energy fi lters, not only the 
low-frequency information, responsible for the fi nal image contrast, 
but also the high-frequency information, containing the fi ne struc-
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tural details, could be harvested. Moreover, with just one single 2D 
image, it would be possible to obtain phase and amplitude informa-
tion separately.

In addition to the improved quality of the single 2D projection, in 
phase plate Cs-corrected imaging, ET is still hampered by an uneven 
sampling in Fourier space and thus by the fact that information in the 
direction of the tilt axis cannot be accessed. This missing information 
(missing wedge), due to the limited tilt range, can be decreased by 
utilizing dual-axis acquisition schemes to a missing pyramid. Clearly, 
with the 90° in-plane rotation of the sample and the acquisition of two-
tilt series of the same sample area, it is possible to increase the amount 
of information by more than 20% and thus reduce the resulting arti-
facts related to single-axis-acquisition schemes. The resolution is not 
improved, however, it is defi nitely more isotropic. Especially for sub-
sequent automatic detection of macromolecules and proteins within 
the tomographic volume, e.g., by template matching, errors (false-
positives) can be minimized, and thus the quality of the detection 
can be vastly improved.

At the present resolution of 4–5 nm only very large complexes (ribos-
omes, 26S proteasomes) can be detected reliably within cryoelectron 
tomograms of whole cells. However, an improvement in resolution to 
2 nm will allow us to detect medium sized complexes in the range of 
200–400 kDa. Some of the problems in the interpretation of tomograms 
will disappear once a resolution of 2 nm is obtained. At the moment, 
with a resolution of 4–6 nm, docking of high-resolution structures to 
yield pseudo-atomic maps of molecular complexes is computationally 
demanding and time consuming. However, this procedure of template 
matching and docking will become easier if a resolution of 2 nm can 
be routinely obtained. The computational methods described will aid 
and complement the information provided by other approaches and 
information, such as localization, labeling studies, and the binding 
properties of molecules. While tomograms with a resolution of 2 nm 
are a realistic prospect, major technical innovations (see above) will be 
required to go beyond this.

CET of whole cells allows us to investigate the structure–
function relationship of molecular complexes and supramolecular 
assemblies in their native environment. It thus results in a fundamental 
change in the way we approach biochemical processes that underlie 
and orchestrate higher cellular functions. In the past, molecular inter-
actions were studied mostly in a collective manner, whereas now we 
have the tools to visualize the interactions between individual mole-
cules in their unperturbed functional environments. Although they 
share common underlying principles, no two cells or organelles are 
identical, owing to the inherent stochasticity of biochemical processes 
in cells as well as their functional diversity. Therefore, it will be a major 
challenge to extract generic features from the maps, such as the modes 
of interaction between molecular species. The ultimate goal, the dis-
covery of general rules that underlie cellular processes, has to go 
beyond observing qualitative features and has to be based on stringent 
analytical criteria (Lucic et al., 2005).
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8
LEEM and SPLEEM

Ernst Bauer

Low-energy electron microscopy (LEEM: http://www.leem-user.com) 
is an imaging method that makes use of elastically backscattered elec-
trons with energies below about 100 eV, frequently with less than 10 eV. 
In contrast to transmission electron microscopy (TEM), which gener-
ally works with electrons in the 100 keV range where backscattering is 
negligible, the backscattering cross sections for low-energy electrons 
are large enough to make them useful for surface imaging. This was 
already evident in the classical diffraction experiments of Davission 
and Germer,1 but it took 35 years before the use of slow diffracted 
electrons for surface imaging was suggested2 and another 23 years 
before convincing images could be published.3 Thus, although diffrac-
tion of slow electrons and imaging with slow emitted electrons with 
resolution in the micrometer range were demonstrated4 before TEM 
reached submicron resolution,5 LEEM became a viable imaging method 
only much later.

The reasons for this late appearance of LEEM in electron microscopy 
are 2-fold: (1) for LEEM well-defi ned surfaces are necessary, which in 
general requires ultrahigh vacuum (UHV) and effi cient surface clean-
ing procedures. Although these have been available for some time in 
glass systems such as in Farnsworth’s low-energy electron diffraction 
(LEED) systems,6–8 glass systems are not very user friendly and metal 
UHV technology did not come into widespread use until the beginning 
of the 1960s. In fact, the fi rst display type LEED system that started the 
revival of LEED was a glass system9,10 as was the fi rst unsuccessful 
model of an LEEM system.2 (2) There was the widespread belief in the 
electron microscope community based on the fundamental theoretical 
work of Recknagel on emission electron microscopy11 that the chro-
matic aberration of the objective lens would limit the resolution to such 
an extent that LEEM would be unattractive. This of course was a mis-
understanding as already pointed out in the early phase of the develop-
ment of LEEM.12,13 In the decades since then LEEM has developed slowly 
into a powerful surface imaging technique as recounted elsewhere.14

1 Introduction
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In the past 10 years developments concentrated on the combination 
of LEEM with X-ray induced photoemission electron microscopy 
(XPEEM), which resulted in the spectroscopic photoemission and 
low-energy electron microscope (SPELEEM),15,16 and on the correction 
of the aberrations of the objective lens.17 Despite these efforts LEEM is 
still far behind the technological state that TEM has now reached.

This chapter reviews the basics of LEEM, its present state of art, and 
its applications. An associated imaging method, spin-polarized LEEM 
(SPLEEM), which gives magnetic information, will also be discussed. 
Other methods, such as mirror electron microscopy (MEM), which 
gives information mainly on the local surface potential, Auger electron 
emission microscopy (AEEM), which gives chemical information, 
electron energy loss microscopy (EELM), which gives some electronic 
information, and secondary electron emission microscopy (SEEM), 
will be mentioned only briefl y because they have been used much less 
frequently, although they are also useful. Photoelectron emission 
microscopy (PEEM), in particular XPEEM, is included only in connec-
tion with the discussion of SPELEEM because it is the subject of another 
chapter.

To understand the possibilities and limitations of LEEM and of the 
associated techniques, a fundamental understanding of the interac-
tions of slow electrons with condensed matter is necessary. The follow-
ing interactions have to be taken into account: elastic scattering, inelastic 
scattering, and quasielastic scattering (phonon and in magnetic materi-
als magnon scattering). The interactions of slow electrons with matter 
are vastly different from those of fast electrons. In ferromagnetic 
materials they depend in addition upon the relative orientation of the 
spin of the incident electrons and the electrons in the matter.

Consider fi rst elastic scattering. Because of its low velocity v E m= 2 /  
the interaction time of a slow electron is much longer than of the fast 
electrons used in TEM and an n-electron atom may no longer be con-
sidered as undisturbed but becomes an n + 1 electron system during the 
interaction. Therefore the incident electron experiences the temporary 
excitations of the n-electron atom. This can be taken into account by 
adding a correlation potential to the potential of the ground state n-
electron atom. Similarly the repulsive interactions between electrons 
with the same spin due to the Pauli principle cause a spin-dependent 
potential that also has be added. As a consequence, the scattering of slow 
electrons by the atoms that constitute the condensed matter can no 
longer be described by the fi rst Born approximation, which assumes a 
static atom in the ground state and which is a good approximation at 
high energies. Instead, a partial wave analysis is necessary, taking into 
account the exchange and correlation potentials.18,19 No calculations of 
this type for condensed atoms, whose potentials are truncated by overlap 
with the neighbor atoms, are available. Fortunately the magnitudes of 
the correlation and exchange potential decrease rapidly with energy so 

2 Electron Beam–Specimen Interactions
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that they may be neglected in the energy range of conventional LEED 
studies (usually above 30 eV). In LEEM, however, they should be taken 
into account. This is a formidable task that has not been mastered up to 
now. Therefore, only some results of partial wave analysis calculations 
for truncated ground state potentials will be given here.

In the partial wave analysis20 the incident plane wave and the outgo-
ing scattered wave are expanded into spherical harmonics centered 
at the atom, and the phase differences ηl between the incident and 
outgoing partial waves are calculated. In the nonrelativistic case the 
scattering amplitude is given by

 f(θ, k) = (1/2ik)Σ(2l + 1)[exp(2iηl − 1)]Pl(cos θ) (1)

with the sum over l extending from zero to infi nity. k is the wave 
number and the Pl’s are Legendre polynomials. The intensity distribu-
tion of the scattered electrons as a function of scattering angle θ and 
energy E k∼  is then simply ∼|f(θ, k)|2. Figure 8–1 shows the angular 
distribution of the scattered intensity of 50 eV electrons, calculated in 
this manner for realistic solid state Ag, Al, and Cu atomic potentials.18 
It shows that not only is the total scattering cross section of Cu (Z = 29) 
smaller than that of Al (Z = 13), but also its back-scattering cross section, 
and that Al scatters nearly as much as the much heavier Ag atom 
(Z = 47). The scattering is, however, strongly energy dependent. This is 
illustrated for the scattering into a 30° cone around the backward direc-
tion in Figure 8–2,19 which shows that at very low energies Cu scatters 
nearly as strongly as W (Z = 74) while Al and Ag scatter much more 
weakly in the backward direction. It should be noted that the zero of 
the energy is the inner potential resulting from the overlap of the free 
atom potentials so that the maxima of the W and Cu backscattering 
cross sections are just around the vacuum level.

Figure 8–1. Angular distribution of 50 eV electrons elastically scattered from 
Ag, Al, and Cu atoms in the solid state.18
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In condensed matter the electrons are, of course, not only scattered 
within one atom but also by the atoms surrounding it, causing strong 
multiple scattering. This is taken into account in LEED in the dynamic 
theory of electron diffraction.21,22 Another way to look at the problem 
of scattering in a periodic system is in terms of the band structure 
theory if we assume that the n + 1-electrons system (n crystal electrons 
+ incident electron) does not differ signifi cantly from the n-electron 
system (Koopman’ theorem23). Then the 180° backscattering from a 
single crystal surface is determined by the band structure E(k) perpen-
dicular to the surface. This is illustrated in Figure 8–3 for the W(110) 
surface.24 The band structure in the [110] (ΓN) direction has a wide 
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Figure 8–2. Energy 
dependence of the 
backscattering into a 
30° cone around the 
backward direction for 
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atoms in the solid 
state.19

Figure 8–3. Normal incidence 
specular refl ectivity of a W(110) 
surface (top) and band struc-
ture along the surface normal 
(bottom).24
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band gap between about 1 and 6 eV above the vacuum level. An elec-
tron incident in this direction, therefore, does not fi nd allowed states 
in the crystal and forms an evanescent wave. The extinction length of 
this electron wave in the crystal is quite short in the center of the gap, 
only about two monolayers,25 so that the electron is refl ected before it 
is attenuated signifi cantly by inelastic scattering. This, together with 
the strong backscattering cross section, causes the high refl ectivity at 
about 2–3 eV. The second refl ectivity peak is due to the low density of 
states in the crystal as indicated by the steep bands. The band structure 
infl uence is strongly orientation dependent. For example, on the W(100) 
surface the band gap is located between 3 and 5 eV above the vacuum 
level,24,26 which causes a pronounced refl ectivity peak at about 4 eV. 
This is preceded by a deep refl ectivity minimum, which is caused by 
the strong inelastic scattering of the electron that could otherwise 
penetrate deeply into the crystal. A second refl ectivity peak occurs 
around 8 eV where the density of state in the crystal is small. This 
simple picture neglects the infl uence of surface effects. For quantitative 
agreement between experiment and theory the surface barrier,27 surface 
resonances,24 and reconstruction have to be taken into account. For 
LEEM these details are not important, at least at the present state of 
art, because they determine mainly the refl ected intensity and have 
little infl uence on the contrast.

The main factor that determines the high surface sensitivity of LEEM 
is in general not the infl uence of the band structure and of elastic scat-
tering but the strong attenuation of slow electrons by inelastic scatter-
ing. Inelastic scattering is due to single electron excitations (electron 
hole pair creation) and collective electron excitations (plasmon cre-
ation). In the energy range of LEEM single electron excitations mainly 
involve valence band and weakly bound outer shell core electrons. The 
universal inelastic mean free path (IMFP) curves usually found in the 
literature are of rather limited value at the low energies used because 
they do not take into account the differences in the electronic structure 
of the various materials. Therefore, only some general features will be 
discussed and some specifi c examples will be given. In materials that 
may be described approximately by a free electron gas imbedded in a 
homogeneous background of equal charge (“jellium model”) the IMFP 
is a function of k/kF (kF Fermi wave number) with the electron density 
as parameter.18,19,28 As an example, the attenuation length µ = (IMFP)−1 
of Al, for which the free electron approximation is good, is shown in 
Figure 8–4 together with the attenuation coeffi cient ν due to elastic 
backscattering, assuming a random distribution of Al atoms with bulk 
density (“randium model”).29,30 The initial rise of µ until the volume 
plasmon creation threshold at ET = 17.5 eV (above vacuum level) is due 
to single electron excitations. The maximum of µ and the corresponding 
minimum of about 0.3 nm of the IMPF at about 37 eV is mainly due to 
plasmon losses. Figure 8–4 also shows that attenuation by elastic back-
scattering is much weaker above ET than that by inelastic scattering.

For most metals the jellium approximation is not useful, in particu-
lar for transition and noble metals. For example, in contrast to jellium, 
transition metals have a high density of unoccupied states just above 
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the Fermi level into which excitations can occur. The deviation from 
jellium can be partially taken into account by replacing the ω depen-
dence in the Lindhard dielectric function εL(ω, q), which is used in the 
jellium calculations, by that obtained in the experiment for zero 
momentum q transfer, that is by optical data for which q = 0. Results 
of such calculations31 give typically minimum IMFPs in metals of 
0.3–0.5 nm at energies between 30 and 120 eV for Mg and Au, respec-
tively, with a rapid increase at low energies to values as high as 2.4 nm 
in Si and 3.5 nm in W at 10 eV, for example. Figure 8–5 illustrates the 
agreement between theory and experiment that can be obtained in 
this approximation.32 The deviations below E − EF = 5 eV are irrelevant 
for LEEM because the work function of Au is about 5 eV; those above 
50 eV are probably due to inaccurate 5p and 4f ionization cross 
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sections. The agreement is surprisingly good considering that the q 
dependence of ε has been approximated by simple expressions and 
that correlation and exchange have not been taken into account. At 
energies below several 10 eV these are of comparable importance for 
inelastic scattering as for elastic scattering, in particular the infl uence 
of the detailed band structure and of nondirect (q # 0) transitions.33 
For example, inclusion of exchange in the dielectric model of the IMFP 
gives IMFP values that are by a factor of 1.3 and more larger than 
without exchange.34

The IMFPs calculated in this approximation for insulators are even 
larger, such as 6 nm at 10 eV for KCl.31 For several groups of insulators 
with large band gaps (condensed noble gases, N2, and organic dielec-
trics such as benzene or methane) no electronic excitations are possible 
at low energies. Here the (quasi)elastic mean free path (EMFP) deter-
mines the sampling depth. EMFP measurements in the energy range 
from 2 to 15 eV give EMFPs up to 10 nm.35 An example is shown for 
solid Xe in Figure 8–6.36 Thus the MFP may be very long at low ener-
gies (≤10 eV) while at energies between about 30 eV and 100 eV, depend-
ing upon the material, it may be only a few tenths of a nm. The large 
mean free paths (MFPs) at very low energies are, however, not general. 
They depend strongly on the density of unoccupied states into which 
bound electrons can be excited as clearly evident in an insulator with 
wide band gaps.35 These are extreme cases inasmuch as their band 
gaps are so large that the density of unoccupied states becomes 
signifi cant only at several electronvolts above the vacuum level. At the 
other extreme are transition metals with their unfi lled d bands with 
high density of states just above the Fermi level. Here the IMFPs are 
very short as seen in Figure 8–737 in which the reciprocal values of the 
IMFPs are plotted as a function of the number of d holes. The values 
shown are for electrons with energies between 5 and 10 eV above the 
Fermi energy. For Fe the IMFP is only about 0.5 nm and for Gd only 
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0.25 nm. In ferromagnetic materials the density of unoccupied states 
differs between majority and minority spin states, which causes 
corresponding differences in the excitation probabilities. Calculations 
that take this into account show a signifi cant difference between the 
IMFPs of incident electrons with majority and minority spin as seen 
in Figure 8–8.38 The zero of the energy is the Fermi energy; the work 

Figure 8–7. Reciprocal inelastic mean free path in nm−1 of electrons with ener-
gies between 5 and 10 eV above the Fermi level as function of the number of 
holes in the 3d and 4d shell.37
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function of Fe is 4.5 eV so that 1 eV above the vacuum level the IMFPs 
are only 0.6 and 0.2 nm for majority and minority spin electrons, 
respectively. At 10 eV above the vacuum level the corresponding values 
are 0.45 and 0.3 nm, which are much lower than the 1.6 nm obtained 
from the dielectric theory discussed above. For more information see 
Bauer.39

While the knowledge of reliable absolute numbers for elastic and 
inelastic mean free paths at low energy is still limited, the infl uence 
of phonon and magnon excitation on the effective sampling depth is 
much less understood. Both processes involve only small energy 
losses up to several 100 meV but can occur with large momentum 
transfer. In LEEM only the electrons in a diffraction spot and its 
immediate environment contribute to the image formation. Therefore 
energy losses with momentum transfer larger than that determined 
by the radius of the contrast aperture cause an attenuation of the 
intensity contributing to the image formation. At not too high tem-
peratures this can be taken into account by the Debye–Waller factor. 
At higher temperatures multiphonon and -magnon excitations occur 
that cause an increased attenuation, which may be described by an 
anharmonic Debye–Waller factor.40 In this conventional description of 
the infl uence of phonons on the scattering from surfaces there is no 
thickness dependence. However, in thin fi lms the number of electrons 
scattered outside the contrast aperture increases with increasing 
thickness so that an effective attenuation coeffi cient could be defi ned. 
This has not been done to date for several reasons: (1) there are no 
numbers for the cross sections for phonon and magnon scattering that 
could be compared with those for inelastic scattering, (2) with increas-
ing temperature there is frequently atomic disordering that causes 
diffuse scattering, and (3) at high temperatures thin fi lms usually 
break up into three-dimensional crystals before attenuation by these 
processes becomes signifi cant. A rough idea of the infl uence of thermal 
vibrations on the attenuation length may be obtained from the analy-
sis of LEED patterns from Cu single crystal surfaces. At 50 eV the total 
attenuation length, which includes elastic backscattering, inelastic 
scattering, and phonon scattering, from the (111) surface is 0.33 nm at 
300 K versus 0.34 nm at 0 K.41 The difference is well within the limits 
of error of the values so that at least at this energy phonon scattering 
does not limit the sampling depth.

According to the present state of understanding the sampling depth 
of LEEM and SPLEEM is primarily determined by inelastic and elastic 
backscattering. Depending upon the energy and electronic structure 
of the material, the sampling depth may be as small as a few tenths of 
a nanometer, for example, around the plasmon excitation maximum, 
in transition metals with a high density of unoccupied states above the 
Fermi level, or in band gaps along the k direction normal to the surface. 
On the other hand, sampling depths as large as several nanometers 
can occur at very low energies, for example, in insulators and free 
electron like metals. In many cases this allows tuning of the sampling 
depth by proper choice of the energy, which makes LEEM and SPLEEM 
ideal for imaging of surfaces and thin fi lms.
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The electron optics of an LEEM/SPLEEM instrument in the imaging 
section is essentially the same as in emission electron microscopes, 
which date back to the 1930s. In these microscopes the specimen is the 
cathode of a so-called cathode lens in which the slow emitted electrons 
are accelerated in a high fi eld to the fi rst of several image-forming elec-
trodes of an electrostatic lens or to the entrance of a magnetic lens. This 
lens is the objective lens of the microscope, which produces a primary 
image with fast electrons. The subsequent electron optics is basically 
the same as in TEM. In fact, the fi rst objective lens used in LEEM was a 
modifi ed version of an electrostatic triode lens developed for PEEM.42 
To do LEEM with such a system fast electrons have to be injected from 
the high-energy side of the objective lens along its optical axis. In the 
cathode lens they are decelerated to the desired low energy at the speci-
men. To be able to produce an image, this incident beam has to be sepa-
rated from the refl ected beam by a beam divider. As a consequence an 
LEEM or SPLEEM system has a bent optical axis. A schematic of the fi rst 
instrument is shown in Figure 8–9.3 The beam separator (1) defl ects the 
incident beam from a fi eld emission gun (2) that is focused by two 
quadrupoles (3), the defl ection fi eld (1), and optionally by a collimator 
lens (4) into the back focal plane of the objective lens (5). They reach the 
specimen (7) on parallel trajectories with an energy that is determined 
by the adjustable potential difference between fi eld emitter and speci-
men. The specimen is imaged by the elastically refl ected electrons into 
the center of the beam separator, its diffraction pattern into the back 
focal plane of the objective lens where the angle-limiting contrast aper-
ture is located. The astigmatism of the objective lens is corrected with 

Figure 8–9. Schematic of the fi rst LEEM instrument. For explanation see text.3

3 Instrumentation
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a magnetic stigmator (6). The primary image in the center of the beam 
separator is imaged with a magnetic intermediate lens (9) and a pro-
jective lens (10) onto the fi nal screen, and the diffraction pattern by 
adjusting the focal length of the intermediate lens. The purpose of the 
electrostatic fi lter lens (11) was to fi lter out secondary and inelastically 
scattered electrons but was later removed because it was found that the 
dispersive properties of the magnetic beam separator (1) were suffi cient 
to eliminate them from the image. A pair of multichannel plates (12) 
enhances the image intensity on the fl uorescent screen (8), allowing 
observation and image recording with a video camera (13) at very low 
beam currents. Both illumination and imaging columns are equipped 
with defl ectors and stigmators, some of which are indicated (16). Emis-
sion microscopy is possible with thermionic emission by heating the 
specimen, with photoelectrons generated by a 100-W high-pressure Hg 
arc lamp (14) and with secondary electrons using an auxiliary electron 
gun (15).

While Figure 8–9 shows the principle of the LEEM system, more 
recent instruments differ considerably in detail. For example, a transfer 
lens, which transfers the diffraction pattern from the back focal plane 
of the objective lens toward the front of the intermediate lens, is now 
inserted just behind the beam separator, so that the illuminating beam 
does not have to pass through the contrast aperture as in the original 
design. The electrostatic triode lens is now replaced by lenses with 
better resolution such as the electrostatic tetrode lens, the magnetic 
diode lens, or the magnetic triode lens, which will be briefl y discussed 
below. The beam separator has been improved in a variety of ways, 
such as by close-packed or separated multiple magnetic prisms, con-
centric square or round pole pieces, or a Wien fi lter, resulting in defl ec-
tion angles ranging from 16° to 90° compared to the original 60°. In 
addition, energy fi lters have been added to instruments so that they 
can also be used for AEEM, low electron energy loss microscopy 
(LEELM), energy-fi ltered SEEM, and spectroscopic PEEM.

Before discussing these components of an LEEM instrument, a short 
account of the various designs is appropriate. The fi rst major develop-
ment after the original instrument and a similar one43 also used a beam 
separator with 60° defl ection but with close-packed multiple magnetic 
prisms and only magnetic lenses, including the objective lens, a LaB6 
cathode, and a transfer lens so that the contrast aperture could be 
placed behind the beam separator.44 The magnetic prism on the 
illumination side of the instrument can be excited differently from that 
on the exit side so that a higher beam energy is possible than on the 
imaging side, which allows AEEM when an energy fi lter is added to 
the instrument. The dense packing of the magnetic lenses together 
with the shielding of the beam separator and the specimen region 
makes the magnetic shielding used in the more open earlier instru-
ments unnecessary. The addition of an energy fi lter allows not only 
AEEM but in combination with synchrotron radiation also spectro-
scopic X-ray PEEM.13,45,46 From this instrument the presently most wide-
spread commercial instrument shown in Figure 8–10 developed later. 
The version with energy fi lter, the SPELEEM, which is presently the 
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most versatile instrument, has been described repeatedly47 in connec-
tion with PEEM. Therefore, a cross section of the presently best home-
built pure LEEM instrument (Figure 8–11)48 is shown here. Similar to 
the previous instrument (Figure 8–10) it has densely packed magnetic 
lenses both in the illumination (top) and in the imaging (bottom) 
section. However, it uses a beam separator with 90° defl ection that is 
incorporated in the vacuum system (center). The objective lens (right 

Figure 8–10. Commercial LEEM instrument. The illumination column is on 
the right side and the imaging column on the left side. The 60° beam separator 
is hidden behind the specimen chamber in the center, which also contains the 
objective lens. (Courtesy of ELMITEC GmbH.)

Figure 8–11. Cross 
section of a LEEM 
instrument with a 90° 
separator. The illumina-
tion column with the 
fi eld emission gun is on 
top and the imaging 
column is at the bottom. 
The right side shows the 
specimen chamber, air-
lock, and part of the 
pumping system.48
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side) is a magnetic diode and consists of two sections with opposing 
image rotation. A commercial cold fi eld emission electron gun (top) 
with an energy spread of about 0.25 eV allows a theoretical resolution 
of 0.4 nm at 10 eV. The right side is the specimen chamber and a prepa-
ration chamber plus airlock. This instrument presently holds the 
resolution record (0.5 nm) among the instruments without aberration 
correction.

The instruments described above are free-standing instruments. 
There has long been the wish to add a LEEM instrument to existing 
UHV systems. To be practical, such LEEM systems must be much 
smaller and have small defl ection angles. Two solutions were chosen: 
one uses a simple beam separator with a small defl ection angle (10°)49 
and the other one uses three defl ections by 45°.50 In both cases the 
instrument is mounted on an 8-in.-diameter UHV fl ange and can be 
attached to a UHV system via a 6-in.-diameter UHV fl ange. All lenses 
are electrostatic, including the electrostatic tetrode lens. In contrast to 
magnetic lenses, electrostatic lenses can be easily fl oated at high voltage. 
Therefore the complete electron optics can be at high voltage so that 
the specimen can be near ground potential, whereas in the magnetic 
lens systems the specimen is at high voltage. Because of the compact 
design, high-voltage insulation requirements allow fi nal energies of 
only 5 keV, in contrast to the 15–20 keV used in the larger systems. Only 
the extraction electrode of the tetrode lens can be increased to 15 kV. 
External fi elds are screened by internal µ-metal screening. Figure 8–12 
shows the mechanical confi guration of one of these fl ange-on LEEM 
instruments.49 Its overall length is 60 cm and its weight is about 20 kg.

Several other LEEM instrument designs have been proposed and in 
part realized. One design51 included some interesting features such as 
a combined magnetic-electrostatic beam separator that allows different 
energies to be used in the illumination and imaging beams, an electro-
static tetrode combined with a Schwarzschild-type optical mirror objec-
tive, which focuses UV radiation onto the specimen for PEEM, and a 70° 
spherical condenser for electron energy fi ltering. Unfortunately it never 
came into operation. In another design that is used in a commercial 
instrument52 the beam separation is achieved by a Wien fi lter into which 
the illumination beam enters at an angle of 36° while the imaging beam 
runs along its optical axis. A second Wien fi lter is used as an energy 
fi lter. This instrument has been used mainly for PEEM, MEM, and 
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metastable impact electron emission microscopy (MIEEM). Apparently 
the diffi culty of aligning the incident beam normal to the surface and 
keeping the imaging beam on axis makes systematic LEEM studies with 
acceptable resolution diffi cult. A similar problem has to be overcome in 
an instrument in which the beam separator is replaced by a W single 
crystal.53 This crystal is tilted 45° against the optical axis and refl ects a 
low-energy electron beam from a side-mounted gun along the optical 
axis. Exact normal incidence on the sample requires that the refl ector is 
on the optical axis, which would obstruct the imaging beam. This 
instrument, called a double refl ection electron emission microscope 
(DREEM), is also commercially available. Other LEEM instruments 
have been built as well but their design has not been published.

All instruments discussed up to now suffer from the large chromatic 
and spherical aberration of the objective lens. That these aberrations 
can be corrected with an electron mirror has been known for some time 
but only during the past decade have efforts been made to develop 
aberration-corrected instruments. Simultaneously, however, the aber-
rations of the beam separator have to be corrected. This has led to the 
design of a complex system54,55 that has already been realized in the 
so-called SMART (Spectromicroscope for All Relevant Techniques) 
instrument,17,56,57 schematically shown in Figure 8–13. Similar to the 
SPELEEM system, the instrument is designed for a wide range of opera-
tion modes,58 one of which is LEEM. The centerpiece is the beam separa-
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tor to which the illumination system, a fi eld emission gun, the objective 
lens, and the mirror corrector are attached via fi eld lenses (L). Beyond 
the beam separator fi ve electrostatic lenses transfer either the diffrac-
tion pattern in the plane of the contrast aperture between L3 and L4 or 
the primary image at various magnifi cations into the entrance of the 
Ω-type energy fi lter where the fi eld limiting aperture is located. With 
the energy selection slit inserted, the subsequent projective lens system 
produces an energy fi ltered image or diffraction pattern on the Channel 
plate-fl uorescent screen unit, which is fi beroptically coupled to the CCD 
camera. Numerous defl ectors (Di) allow precise alignment and several 
n-pole elements (n = 2, 6, 12) are used for the correction of residual 
aberrations. The instrument operates at 15 kV and is expected to have 
a resolution in LEEM of 1 nm at 10 eV.

Unless aberrations of the beam separator, the energy fi lter, other optical 
components or vibrations, electromagnetic fi elds, charging, or other dis-
turbances are resolution limiting the chromatic and spherical aberra-
tions of the objective lens determine the resolution. The aberrations of the 
accelerating fi eld of the cathode lens cause much higher limiting values 
of the resolution than in transmission microscopy. These values can be 
calculated analytically by assuming that the lens may be separated into 
a homogeneous fi eld in front of the specimen, which produces a virtual 
image behind the specimen, and an einzel lens, which produces a real 
image of the virtual image. Realistic calculations have to consider the 
cathode lens as a unit and have been made by many authors. A compari-
son of the resolution obtainable with an electrostatic triode, electrostatic 
tetrode, and magnetic triode lens (Figure 8–14) shows that the electro-
static tetrode and the magnetic triode lenses are much better than the 
original triode lens because in the latter the fi eld strength at the sample 
is low under focusing conditions (1.18–0.52 kV/mm vs. 10 kV/mm in the 
other two lens types) (Figure 8–15).59 The data are for the optimum aper-
ture, which is determined by minimizing the contributions of the aber-
ration discs due to diffraction at the angle-limiting aperture, chromatic 
and spherical aberrations. These contributions can be seen in Figure 8–16 
together with the radius of the optimum aperture. From these fi gures it 
is clear that the magnetic triode is superior to the electrostatic tetrode 
both in resolution and transmission. Transmission does not play an 
important role in LEEM but is important in XPEEM with photoelectrons 
and secondary electrons, which have a wide angular distribution. Today 
the magnetic diode, which differs from the triode only in that both pole 
shoes are at the same potential, is the standard in the best LEEM instru-
ments without aberration correction while the electrostatic tetrode is the 
domain of the smaller, purely electrostatic LEEM instruments. In the 
multimethod instruments15–17,44,56,57 combined electrostatic–magnetic 
cathode lenses, such as the magnetic triode, are useful because they 
allow the fi eld strength at the specimen to be varied. Such a lens with a 
design somewhat different from that shown in Figure 8–14 is used in the 
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SMART instrument. Because the chromatic and spherical aberrations of 
the objective lens are corrected in this instrument by the mirror corrector, 
the largest aberrations are now those of the energy fi lter. The resolution 
improvement obtained by correction is shown in Figure 8–17 as a func-
tion of angular acceptance for a start energy of 10 eV, an energy width of 
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2 eV, and a fi nal energy of 15 keV.57 The dashed lines show the contribu-
tions of the aberrations of the uncorrected lens and the thin solid lines 
those of the energy fi lter. For LEEM instruments with LaB6 or fi eld emis-
sion guns that have lower energy widths, the resolution is still improved 
by about a factor of 5. The main advantage of aberration correction, the 
large increase in transmission, however, comes to bear only in emission 
microscopy, in particular in AEEM and XPEEM.
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Figure 8–17. Resolution limit d as a 
function of the acceptance angle α 
without and with correction of the 
spherical and chromatic aberra-
tions. Data for the system shown in 
Figure 8–13 for 10 eV start energy 
and 2 eV energy spread. In the 
uncorrected system d is limited by 
the chromatic and spherical aberra-
tions (dashed lines) and in the cor-
rected system by higher order 
aberrations (solid lines).57
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The next critical component of a LEEM instrument is the beam sepa-
rator. Early beam separators3,43 aimed only at the reduction of the uni-
directional beam dispersion in the defl ection plane. This was achieved 
with a D-shaped cutout in the round pole pieces.60 The focusing action 
of the fringing fi eld of the magnet was compensated by magnetic 
quadrupoles. In contrast to these fi rst separators, which tried to elimi-
nate its focusing action, later separators made use of it in order to 
obtain optimum image and diffraction pattern transfer in close-packed 
magnetic prism arrays. They consist of an array of inner pole pieces 
surrounded by a single outer pole piece with different relative excita-
tions. Such arrays act almost like round lenses. They transfer image 
and diffraction planes stigmatically and distortion free to correspond-
ing planes behind the separator but at different settings.61,62 A 90° 
defl ector with four inner prisms was suggested for the addition of a 
mirror corrector62 and a 60° defl ector with three inner prisms was real-
ized in the fi rst fully magnetic LEEM instrument.44 If illumination and 
imaging beam have the same energy as in LEEM—in contrast to the 
more versatile instruments—then a single inner pole surrounded by 
an outer pole ring are suffi cient. Both square48,54,63–65 and round 90°64,66 
separators have been proposed and built. With proper geometry and 
excitation ratio, astigmatic and distortion-free imaging can be achieved 
for image and diffraction plane with the same settings. For an aberra-
tion-corrected microscope the aberrations of these separators would 
limit the resolution and have to be corrected. This is achieved in the 
highly symmetric beam separator seen in Figure 8–13.67–69 In small 
fl ange-on LEEM instruments the design of the beam separator is deter-
mined less by minimizing aberrations than by geometry and space 
considerations.49,50 For example, to achieve parallel illumination and 
imaging beams within a minimum of space, the beams were translated 
achromatically70 by magnets with fi eld boundaries perpendicular to 
the beam and electrostatic cylinder lenses in order to achieve 
stigmatic focusing.50 Finally a Wien fi lter may also be used as a beam 
separator71 though with some alignment diffi culties.

Although the use of electron mirrors for the correction of lens aber-
rations was proposed many years ago72,73 and suggested for the correc-
tion of the cathode lens aberrations in LEEM and PEEM instruments 
in the early 1990s54,61,74 serious efforts have been made only in the past 
10 years75–77 and only one instrument, the SMART, is presently equipped 
with a mirror corrector and is in its testing stage.

An energy fi lter is not needed in simple LEEM instruments with suf-
fi ciently large separator defl ection angles because at low energies, at 
which the energy of the secondary electrons differs little from that of the 
elastically refl ected electrons used for the LEEM image, the secondary 
electron intensity is small compared to the diffracted beam intensity. 
With increasing energy, when the elastically backscattered intensity 
decreases and the secondary electron intensity increases, the dispersive 
action of the sector fi eld defl ects the secondary electrons suffi ciently so 
that only a small fraction passes through the contrast aperture. Like-
wise, inelastic scattering in the high LEEM energy range occurs mainly 
in the forward direction so that it can be seen in the backward direction 
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only through diffraction, either via energy loss before or after diffrac-
tion. Therefore it is a second-order effect. Furthermore, the dispersion of 
the beam separator and the momentum transfer in the energy loss 
ensure that most inelastically scattered electrons do not pass through 
the contrast aperture. In the low LEEM energy range inelastic scattering 
is less in the forward direction but in general is weak, so that it does not 
contribute noticeably to image formation. The main advantage of having 
an energy fi lter in a LEEM instrument is that it eliminates the secondary 
and inelastically scattered electrons in the LEED pattern. In many cases 
this is not important but in materials with high secondary electron yield 
it improves the LEED pattern dramatically. Also, for quantitative analy-
sis of the background in LEED patterns an energy fi lter is useful.

The main motivation for adding an energy fi lter to a LEEM 
instrument is its importance in multimethod instruments such as the 
SPELEEM or the SMART. It allows LEEM to be combined with low-
electron energy loss spectroscopy and microscopy. Furthermore, 
when higher beam energy can be used in the illumination beam 
than in the imaging beam, Auger electron emission spectroscopy 
(AEES) and AEEM are possible too. These various operation modes of 
such an instrument are schemetically shown in Figure 8–18.15,47 In 
SEEM, whether excited by electrons, X-ray photons, or energetic ion/
neutrals, it allows selection of a narrow energy window from the wide 

Figure 8–18. The three fundamental operation modes of a SPELEEM system. The various sections of 
the instrument are shown folded into one plane. In imaging and diffraction the energy selection slit 
is inserted in the dispersive plane DP and the image/diffraction pattern behind DP is imaged with 
the projector. The intermediate lens IL is used to switch between imaging and diffraction, simultane-
ously with the exchange of the contrast aperture in FPI and the fi eld-limiting aperture in IIP. For fast 
spectroscopy both apertures are inserted, the energy selection slit is removed, and the dispersive plane 
is imaged by the projector.15 (See color plate.)
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secondary electron energy distribution. This leads to a noticeable reso-
lution improvement, also in the aberration-corrected systems, in which 
the correction rapidly deteriorates at low energies with decreasing 
energy.57 A number of different energy fi lters are used in these multi-
method instruments: one hemispherical analyzer, two hemispherical 
analyzers, a Wien fi lter, or an Omega fi lter. As they are not essential 
for LEEM they will not be discussed here.

For imaging with LEEM several contrast mechanisms are available, 
depending upon the specimen to be imaged. The fundamental contrast 
is diffraction contrast in crystalline samples or backscattering contrast 
in amorphous or fi ne-grained crystalline materials. The origin of the 
backscattering contrast is evident from Figure 8–1. An example of its 
consequences is shown in Figure 8–19. Because of the higher backscat-
tering cross section of Co at the selected energy the fi ne-grained poly-
crystalline Co squares appear bright compared to the Si surrounding, 
which is covered with native oxide. A slight preferred orientation of the 
Co layer enhances the contrast.78 In general, however, larger crystals or 
single crystalline layers with a well-defi ned orientation are studied. In 
this case not only the specular beam [(00) beam] but other diffracted 
beams may be used for imaging. An atomically fl at single crystal surface 
without steps and other defects produces contrast only when regions 
with different crystal structure are present. A standard example is the 
Si(111) surface when the unreconstructed (1 × 1) and reconstructed (7 × 
7) structure coexist. Here, both normal and lateral periodicity differ and 
produce strong contrast (Figure 8–20a).79 The Si(100) surface recon-
structs with the formation of dimer rows whose orientation rotates from 
terrace to terrace by 90°, with constant normal periodicity. Here, the two 
resulting (2 × 1) domains are equivalent at normal incidence and well-
centered aperture. Contrast is obtained by either tilting the incident 
beam or shifting the aperture somewhat in the direction of one of the 
rows. Using the ½ order spot of one of the domains gives maximum 
contrast (Figure 8–20b).80 Similar domain contrast can be obtained on all 

Figure 8–19. Backscattering contrast 
from 20-nm-thick Co squares on an Si 
substrate. The electron energy is 5.1 eV 
and the diameter of fi eld of view is 
10 µm.78

5 Contrast
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reconstructed surfaces on which reconstruction domains exist with dif-
ferent azimuthal orientations. All surfaces have steps or step bunches 
that will produce another contrast to be described below.

In general surfaces are heterogeneous not only in crystallography 
but also in composition and topography. Composition differences are 
usually connected with crystallographic differences and produce, 
together with backscattering differences, diffraction contrast in the (00) 
beam. Also here imaging with nonspecular beams is useful for identify-
ing different coexisting phases as illustrated in Figure 8–21,81 which is 
from an Si(111) surface covered with a submonolayer of Au. The three 
LEEM images are taken with the (00) beam and with nonspecular beams 
(1/5-order beams) of (5 × 2) superstructure domains. This allows the 
identifi cation of the dark regions between the bright ( 3 3× )-R30° 
structure regions in the specular image with different (5 × 2) domains.

Topography distorts the electric fi eld distribution on the surface. 
This causes the usual topographic contrast, which is most evident near 
zero electron energy. Topography also produces diffraction contrast. 
This happens when surface elements are inclined against the average 
surface, for example, in small crystals on an otherwise fl at surface. In 
a LEEM instrument the positions of the LEED spots from a fl at surface 
do not change with energy as they do in an ordinary LEED system. 
This is due to the fact that the observed LEED pattern is a magnifi ed 
image of the LEED pattern in the back focal plane of the objective lens, 
where the electrons have a constant high energy E = (h2/2m)k2 inde-
pendent of their start energy. Because the wave number k is propor-
tional to the refractive index n, we have

 k sin θ = ko sin θo (2)

where θ and θo are the angles of the electron trajectories with the 
optical axis in the back focal plane and at the surface, respectively. For 
two-dimensional diffraction

Figure 8–20. Diffraction contrast from Si surfaces. a) Si(111). (Normal incidence) contrast due to dif-
ferent normal periodicity of coexisting (1 × 1) (dark) and (7 × 7) (bright) structure. Electron energy 
10 eV, diameter of fi eld of view 6 µm. Inset: LEED pattern.79 b) (Oblique incidence) contrast due to dif-
ferent azimuthal orientation of coexisting (2 × 1) and (1 × 2) domains. Electron energy 6 eV, image 
width 3 µm.80

a) b)
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 k sin θo = 2πh (3)

where h is the distance of the LEED spot h = (h1, h2) from the (00) beam, 
which is on the optical axis at normal incidence. Combining the two 
equations leads to

 k sin θ = 2πh (4)

Thus the angular distance θ of the LEED spot h in the back focal plane 
is independent of the start energy Eo = (h2/2m)k2

o and depends only on 
the fi nal energy E = (h2/2m)k2. This is no longer true when the surface 
normal is inclined against the optical axis. Then the specular beam is 
off-axis and the diffracted beams h move toward the specular beam 
with increasing energy. The simple geometric relations at normal inci-
dence, which lead to Eo-independent spot positions, are no longer valid 
so that the spots move now in the back focal plane. An example of these 
spot movements is shown in Figure 8–22.82 A simple geometric analysis 
allows deduction of the inclination of the surface.

Faceted surfaces, that is surfaces on which all surface elements are 
tilted, so that no specular beam is on the optical axis, can be imaged 
either by selecting an energy at which one of the diffracted spots passes 

Figure 8–21. Phase identifi cation by dark-fi eld imaging. The LEED pattern (a) 
of the Au submonolayer on Si(111) shows a hexagonal pattern from the 
( 3 3× )-R30° phase and two linear patterns from the (5 × 2) phase. The 
bright-fi eld image (b) shows dark regions that are identifi ed as (5 × 2) regions 
by imaging with (1/5, 0), spots (c and d). Electron energy in (a) 30 eV and in 
(b–d) 6 eV.81
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through the optical axis or by tilting the illuminating beam or by shift-
ing the contrast aperture off axis into one of the specular beams. For 
large tilt angles only the fi rst mode is practical.

Another important contrast mechanism is the interference contrast 
on fl at surfaces with height differences such as atomic steps. The step 
contrast was already observed in the early studies (Figure 8–231) and 
attributed to destructive interference between the wave fi elds refl ected 
from the adjoining terraces within the lateral coherence length (Figure 

Figure 8–22. Drawing of the movements of LEED spots from faceted Cu sili-
cide crystallites on a Si(111) surface. The open circles are from the Si(111)-δ(7 
× 7) structure. The small solid and shaded circles are from the crystallites. 
Increasing shading shows the movement of the spots with energy increasing 
from 3 to 10.5 eV.82

Figure 8–23. Monatomic steps on an MO(110) surface. Electron energy 
14 eV.3
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8–24a). Detailed model calculations based on Fresnel diffraction from 
two adjoining straight edges shifted relative to each other by the step 
height produce all salient features of the step contrast.83,84 Here some 
results of the general theory of image formation by a typical magnetic 
cathode lens will be given.85 In the absence of aberrations the refl ection 
of slow electrons from a point source would produce an interference 
pattern that extends far out from the step. This would make image 
interpretation in the presence of several steps diffi cult. The spherical 
aberration reduces the range of the interference pattern signifi cantly 
and the chromatic aberration reduces it to one intensity maximum next 
to the step at energy spreads as low as 0.5 eV. The intensity distribution 
around the step depends upon the phase difference between the waves 
refl ected from both sides of the step, that is upon the step height and 
the wave length, and upon the defocus. This is illustrated in Figure 8–
2585 for two phase shifts ∆ϕ = nπ (n = 0.5, 1) and several defocus values 
∆z* = ∆z(Csλ)−1/2, where ∆z is the geometric defocus, Cs the spherical 
aberration constant, and λ the wavelength. ∆z* = 0, 1 corresponds to the 
Gaussian image and to the Scherzer focus, respectively. For integer n 
the step contrast is symmetric and optimum at ∆z* = 0; for noninteger 
n it is asymmetric, with the bright edge changing from one side of 
the step to the other when the sign of the defocus changes. Optimum 
contrast is achieved for slight defocus.

A third contrast mechanism, the quantum size contrast, is also based 
on wave interference, which not necessarily requires crystal periodic-
ity. In a thin fi lm bounded by two parallel surfaces the wave refl ected 
from the bottom surface can interfere constructively or destructively 
with that refl ected from the top surface similar to a Fabry–Perot inter-
ferometer, depending upon the wavelength λ, the thickness t, and the 
phase shifts ϕ upon refl ection at the surfaces (Figure 8–24b). Construc-
tive interference and therefore enhanced refl ect ivity occurs whenever 
n(λ/2) + ϕ = t, where n is an integer and λ is the wavelength in the fi lm, 
which differs from the vacuum wavelength by the inner potential. As 
a consequence, regions with different thickness appear in the image 
with different brightness. This was fi rst observed in Cu fi lms on 
Mo(110)86 and has been studied since in detail in several other systems 
with the goal to determine the band structure k(E) above the vacuum 

Figure 8–24. Conditions for phase contrast in LEEM. (a) Step contrast. (b) Quantum size contrast. The 
penetration of the electron wave upon refl ection is indicted.
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level,83,87,88,89 spin-dependent electron refl ectivity effects,90 or to under-
stand specifi c features in thin fi lm growth.91,92,93

To determine the band structure, the constructive interference con-
dition above is rewritten by replacing λ by k = 2π/λ, which leads to 
k(E)t − k(E)ϕ(E) = nπ. The energy-dependent phase term can be elimi-
nated by choosing fi lm thickness pairs t1, t2 for which this condition is 
fulfi lled (with different n), which gives a set of k(E) values. With proper 
growth conditions regions with different thickness can be obtained 
(Figure 8–2687) and analyzed quasisimultaneously. After subtraction of 
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Figure 8–25. Step contrast for the phase differences ∆ϕ = π (left) and ∆ϕ = 0.5π (right) between the 
waves refl ected from the terraces next to the step for zero defocus and small positive and negative 
defocus.85
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Figure 8–26. Quantum size contrast between regions with different thickness 
of an Fe fi lm on W(110), taken with different electron energies, that is wave-
lengths. The images in the top row show the intensity and those at the bottom 
the magnetic signal (exchange asymmetry). Blue and red correspond to oppo-
site magnetization directions.88 (For the bottom row, see color plate.)
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the refl ectivity of a thick fi lm, which does not show quantum size 
effects, the oscillations of the refl ectivity due to constructive and 
destructive interference can clearly be seen. This is illustrated in Figure 
8–2791 for a ferromagnetic fi lm in which the band structures of the 
majority and minority spin electrons differ by the exchange splitting. 
The refl ectivity curve for the minority spin electrons is shifted relative 
to that of the majority electrons due to this splitting and is also damped 

which allows rapid image acquisition, the high surface sensitivity, which 
strongly accentuates the topmost layer in imaging, both discussed in 

have made LEEM one of the most powerful methods for surface studies, 
in particular of the thermodynamics of surfaces and of the kinetics of 
surface processes. While most of this information came from detailed 
studies of semiconductor surfaces, mainly from Si(111) and Si(100) sur-
faces, important insight into surface processes have also been obtained 
from various metal surfaces and oxide surfaces such as the TiO2(110) 
surface. The information obtained from such studies ranges from the 
chemical potential of adatoms, diffusion across terraces and steps, 
anisotropic step free energy, step stiffness, step mobility, step–step 
interactions, surface free energy and surface stress, vacancy exchange 
between the bulk and the surface to nucleation, growth, phase transi-

Figure 8–27. Quantum size oscillations of the refl ectivity of spin-up (•) and 
spin-down (*) electrons in a six-monolayer-thick Fe fi lm on W(110) as a func-
tion of energy.88

6 Applications

more strongly due to the shorter IMFP of the minority electrons men-

6.1 General Comments

tioned in Section 2.

The high intensity available in LEEM studies of single-crystal surfaces, 

Section 2, and the various contrast mechanisms described in Section 5 
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tions, self-organization, faceting, segregation, oxidation, and other 
surface and thin fi lm phenomena. Only some examples can be men-
tioned in the following subsections. These are organized according 
to the material, but the references will provide access to most of the 
relevant work done up to now. For illustrations results of the early, 
exploratory work will be used because the later quantitative studies 
require much more discussion.

The Si(111) surface is probably the surface most studied with LEEM, 
mainly because of its phase transition from the reconstructed (7 × 7) 
to the disordered “(1 × 1)” at 1100 K or 1135 K, depending upon author. 
In precise LEED diffractometer measurements,94 see also95 the super-
structure spots disappeared at 1120 K and an intensity fi t assuming a 
continuous transition gave a critical temperature of 1100 K ± 1 K. 
However, no critical scattering was observed, which put into question 
earlier conclusions that the phase transition was second order. The fi rst 
LEEM measurements79,80,96 demonstrated with out doubt that the transi-
tion was fi rst order as seen in the nucleation and growth of the (7 × 7) 
structure (Figure 8–28). The growth rate of the (7 × 7) domains was 
found to increase linearly with undercooling ∆T and for ∆T > 12 K 
nucleation also occurred on the terraces.

The transition was found to be strongly infl uenced by impurities.97 
In particular, the apparent discrepancy between LEEM and the preced-
ing LEED studies could be attributed to near-surface contamination 
during the long measurement time near the phase transition needed 
in the quantitative LEED studies. This is illustrated in Figure 8–29,80 
which shows that long annealing near the transition temperature 

Figure 8–28. Nucleation and growth of the (7 × 7) structure at surface steps with different orientations 
at low supersaturation. Electron energy: top 10.5 eV and bottom 1.5 eV.96

6.2 The Si(111) Surface
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completely destroys the regular domain structure. The LEED patterns 
differ only by a slightly higher background in the annealed sample but 
the transition range is now much wider, similar to that in the LEED 
studies. On clean surfaces that have been quenched rapidly and have 
converted completely into the (7 × 7) structure many domains with 
various sizes form. Upon subsequent annealing they coarsen without 
preference of certain boundary orientations and number of bounding 
domain walls.98

Recent, more detailed studies99–109 have shed considerable light on 
the forces and processes involved in the phase transition, such as 
adatom diffusion,99,100,104 the infl uence of the surface stress difference 
between the (7 × 7) and (1 × 1) phases and of long-range interactions 
on phase coexistence,101 shape,105,109 and distribution of the (7 × 7) 
domains106 and other aspects. There are excellent reviews on these 
subjects110,111 where details may be found. Another phenomenon that 
has been studied with LEEM and that is closely related to the (1 × 1) 
to (7 × 7) phase transition upon cooling is the faceting of vicinal 
(stepped) Si(111) surfaces.112–114 Other studies have been concerned with 
the conditions for step fl ow growth instead of two-dimensional nucle-
ation from which the parameters that determine the growth kinetics 
can be derived.115–117 In and Sb surfactants that form a ( 3 3× )R30° 
structure were found to either enhance or to suppress step fl ow, respec-
tively.118 An apparently similar boron-induced surface structure 
[( 3 3× )R30°–B] has a quite different effect: it causes twinning.115

This surface is the basis of semiconductor technology and has, there-
fore, attracted particular attention. It was studied qualitatively in the 
early years of LEEM80 (see Figure 8–20b) and showed convincingly the 
inequivalence of the A and B type steps, the lower energy SA steps 
being smooth while the higher energy SB steps were rough. Step migra-

Figure 8–29. Comparison of a surface that had been annealed for a long time around the transition 
temperature (a) and one that has been cooled rapidly from 1450 K to this temperature (b). Electron 
energy 10.5 eV.80

6.3 Si(100)
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tion during sub limation119 and interaction with dislocations formed by 
plastic deformation during cooling120 were studied as well as the 
enhancement of one domain upon elastic defomation.80,120 Other pro-
cesses included consecutive “Lochkeim” formation during sublimation 
of fl at regions121 and homoepitaxial growth.80,121–123 From the terrace 
shape during growth close to equilibrium (Figure 8–30) a lower limit 
of the ratio of the step free energies of SB and SA of βB/βA ≥ 2.6 at about 
800 K was obtained. In other qualitative work124,125 the step morphology 
was studied in more detail as a function of miscut angle, which led to 
a step “phase diagram” ranging from a “hilly” phase near zero miscut 
via single height wavy steps, straight steps to double height steps at a 
miscut of about 0.1°.

In subsequent quantitative studies126–137 comprehensive information 
could be deduced from step and island shapes and distributions. Many 
of the results can also be found in the reviews mentioned above.110,111 
Some of them are the determination of the mobility and stiffness of the 
SA and SB steps,126,130 of their free energy,126 and of the anisotropy of the 
surface stress;137 the extraction of the chemical potential, formation 
energy, and diffusion coeffi cients of adatoms from number, area, and 
distribution of two-dimensional islands.127,131,134 On the more qualitative 
side, the fabrication of large step-free regions129,136 and of periodic 
gratings132,133,135 by e-beam lithography, reactive ion beam etching, 
and high-temperature annealing has also contributed considerably to 
the understanding of the surface properties. Other methods of surface 
modifi cations have been studied as well. Oxygen etches the surface at 
high temperature and produces vacancy islands.138,139,140 Arsenic was 
found to displace Si even on large terraces, driven by surface stress, 

Figure 8–30. Images from a video taken during the homoepitaxial growth of 
Si(100) at low supersaturation so that growth can occur only from a defect at 
the lower edge of the image. Electron energy 5 eV.122
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causing two-dimensional island formation.141 Boron segregation leads 
to strong temperature-dependent surface roughening at the monolayer 
level, forming a striped (Figure 8–31) or triangular-tiled surface 
structure.142–145 Originally believed to be driven mainly by surface stress 
relaxation142 it was shown later that a strong reduction of the step free 
energy of the SA steps was the main driving force.143,144

On the silicon-on-insulator (SOI) (100) surface LEEM was used to 
determine the dislocation-induced strain.146 On the Si(311) surface the 
LEEM image intensity fl uctuations in small surface regions were mea-
sured during the continuous disordering transition of the (3 × 1) recon-
struction around 965 K, in order to determine the critical parameters.147 

Figure 8–31. Images 
from a video taken 
during the segregation 
and desegregation of B 
from B-doped Si(100) 
during cooling and 
heating. Electron energy 
4.2 eV; diameter of fi eld 
of view 7 µm.

6.4 Other Elemental Semiconductor Surfaces
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The fi rst-order transition at about 1005 K from the high-temperature 
“(1 × 1)” to the low-temperature “(16 × 2)” structure of the Si(110) 
surface and the stress-stabilized coexistence of the two phases was the 
subject of another study.148 Similar to the work on Si(111) and Si(100), 
various surface thermodynamic data have also been obtained for the 
Si(110) surface from island decay measurements.149 Finally, an LEEM 
study of the (2 × 1) to (1 × 1) phase transition above 925 K on Ge(100) 
led to the conclusion that the transition was due to dimer breakup and 
roughening.150

Because of its importance in the semiconductor industry Ge or more 
precisely SiGe on Si(100) has been the most-studied system.151–161 This 
system initially forms a several monolayer thick layer that is highly 
strained depending upon alloy composition. From this layer three-
dimensional islands develop with facets that depend upon size and 
composition, leading to a rich variety of phenomena well suited for 
LEEM studies. The transition from the initial layer to the three-
dimensional islands is strain driven and does not require three-
dimensional nucleation.156,157,159 Surface steps play a critical role in the 
alloying of Ge with the Si(100) surface.160 The results up to 2000 are 
summarized in an excellent review.161 The growth of Ge on other Si 
surfaces has been studied in much less detail. On the (111) surface the 
infl uence of the surfactant Sb on the growth was studied,162 on the (311) 
surface the transition from the two-dimensional layer to three-
dimensional islands.163 These showed a much more complicated facet 
structure than on Si(100). Finally, the growth of Ge on GaAs(100) has 
also been studied briefl y.164

The growth of metals on semiconductor surfaces can also be studied 
very well with LEEM. Most of the work was done on Si(111) surfaces, 
some also on Si(100), using video recording of the growth, dif-
fusion, ordering, and disordering processes. Au on Si(111) is a good 
example: after several two-dimensional superstructures have formed 
with increasing coverage, three-dimensional particles grow that show 
an interesting temperature dependence due to the formation of an 
Au–Si eutectic.165,166 On vicinal Si(100) surfaces with a miscut of 4°, 
adsorption of a monolayer of Au causes pronoun ced faceting at ele-
vated temperatures.167–170 The growth of Ag on Si(111) has also been 
studied extensively,162,171–174 in particular the growth shape,172,174 and has 
been used to demonstrate that buried interfaces can be imaged via 
their strain fi elds.173 In the various studies of Ag on Si(100)175–177 a strain-
induced shape transition of Ag crystals into “quantum wires”175 and 
bamboo-like growth178 have been observed. Substrate material incor-
poration into the two-dimensional superstructure177 and the infl uence 
of steps on the domain ordering in it176 were found. On vicinal Si(100) 
self-assembled Ag “quantum wires” form at high temperatures.179 The 
growth of Cu on Si(111) has been studied both on the clean and on the 
hydrogen-passivated surface.180–184 Hydrogen termination strongly 
infl uences the formation of the two-dimensional “(5 × 5)” superstruc-

6.5 Thin Films on Semiconductors
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ture and the three-dimensional nucleation of Cu silicide. At higher 
temperatures at which hydrogen is desorbed large Cu3Si crystals in a 
variety of shapes and facets form.

In Al fi lms on Si(111) the two-dimensional phase diagram and the 
phase transitions between the phases have been studied.185 The growth 
of Pb on Si(111) has been used to obtain an understanding of how 
interfactants, that is substrate surface layers that remain at the interface 
during growth, produce quasi-monolayer-by-monolayer growth, using 
Au and Ag as interfactants.186–188 Figure 8–32 illustrates the infl uence 
of an Au interfactant layer on the growth of Pb. On the Si(100) surface 
Pb grows in <111>-oriented crystals on the two-dimensional initial 
layer. The crystal, have frequently “ashtray” shape due to the large 
supply of Pb atoms by diffusion on the initial layer.189 On vicinal and 
high index surfaces of Si, which have been faceted by Au adsorption, 
Pb grows in mesoscopic wires.190,191 In was found not to wet the Si(111)-
(7 × 7) surface but to grow at low temperature monolayer-by-monolayer 
on the Si(111)-( 3 3× )-R30° surface with a variety of superstruc-
tures. Three-dimensional crystals that grow at somewhat higher 
temperatures have predominantly (100) orientation with a surface 
reconstruction similar to that of the underlying two-dimensional 
layer.192,193 The Si(100) surface is etched at high temperatures by In 
similar to the situation mentioned above for Ag, at lower temperatures 
a superstructure forms.194

Transition metals are highly reactive with Si and form silicides that 
frequently are more stable at high temperatures than Si. An example 
is Co. When deposited or annealed at high temperatures Co layers form 
more or less hexagonal CoSi2 crystals that show misfi t dislocation 
contrast when thin enough. When heated to temperatures at which Si 
sublimes CoSi2-topped hillocks form because of the lower vapor pres-
sure of CoSi2 (Figure 8–33).97,195 At lower temperatures the crystals 

Figure 8–32. Images taken during the growth of Pb on Si(111) at 290 K with 
(top) and without Au surfactant (bottom). Electron energy 8 eV.186
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are triangular and act as Co scavengers cleaning the surrounding 
surface from Co so that it develops the (7 × 7) structure of the clean 
surface. At very low Co coverages an interesting “ring cluster” (RC) 
phase forms, which has been studied in considerable detail.196–198 
Ni forms a similar RC phase.199 Another transition metal, Ti, spon-
taneously forms Ti silicide “nanowires” when deposited at about 
1120 K. Their formation process and stability have been studied in 
detail.200

Only a few nonmetal fi lms on Si have been studied with LEEM: CaF2 
and Si nitride. In CaF2 fi lms both the complexities of the formation of 
the fi rst two layers have been studied201 as well the formation mecha-
nism of the interfacial dislocation network with increasing fi lm 
thickness.202 The Si nitride work was concerned mainly with the forma-
tion of the initial epitaxial layer by reaction with NH3 at high tempera-
tures, which occurs via nucleation and growth of nitride domains 
similar to the (7 × 7) domains on the clean surface.203

Very little work has been with LEEM on these materials. There is a 
cursory study of the temperature dependence of the structure of the 
6H-SiC(0001) surface used as a substrate in the growth of GaN layers.204 
The structure of the GaN(0001) surface was studied with dark-fi eld 
imaging, which allowed determination of the surface termination,205 
similar to that of the SiC(0001) surface.204 The importance of the Ga/N 
ratio in homoepitaxial growth of GaN was demonstrated in several 
papers,204,206,207 in particular the necessity of a Ga double layer on top 
of the GaN surface for the growth of fi lms with (0001) surfaces.204,207,208 
The double layer shows an interesting phase transition.204 Without an 
adsorbed Ga layer the GaN fi lms grow rough, with {10-11} and {101-2} 
facets. GaN growth on 6H-Si(0001) is similar209 and not as reported in 
another paper,210 except that initially three-dimensional crystals form 
instead of the spiral and step fl ow growth in homoepitaxial growth on 
GaN.

Figure 8–33. Hillocks on an 
Si(111) surface caused by CoSi2 
crystals during the sublimation 
of Si.97

6.6 Wide-Band Semiconductors
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Refractory metal surfaces have been the most popular subject in LEEM 
because of their high melting point and low vapor pressure that allow 
experiments over a wide temperature range. W and Mo can be cleaned 
easily by heating in oxygen. The chemisorbed oxygen is then fl ashed 
off at high temperatures, a procedure that is not successful in Nb and 
Ta, in which oxygen goes into solid solution and can be partially 
removed only by lengthy sputter and annealing cycles. The imaging 
of the step structure on the Mo(110) surface (Figure 8–23) was one of 
the fi rst demonstrations of the power of LEEM and step contrast has 
been one of the mayor tools in the study of surface processes on clean 
surfaces. While W(110) and Mo(110) have been used frequently as sub-
strates for thin fi lms, and to a much lesser extent also W(100) and 
W(111), little has usually been published about the clean surface, except 
for a brief study of the Mo(110) surface.211 Extensive work was done, 
however, on epitaxial Mo(110)212–217 and Nb(110)215,218–220 layers grown 
on sapphire (11–20) surfaces at high temperatures, which after proper 
cleaning produces surfaces that are comparable in quality to single 
crystal surfaces. A complication is the interfacial strain and the disloca-
tions introduced upon cooling and thermal cycling by the different 
thermal expansion coeffi cients between fi lm and substrate. Neverthe-
less, pure surface quantities such as the step stiffness could be extracted 
from such fi lms. In the case of the Nb(110) fi lms the situation is 
complicated by the residual oxygen. This causes reconstruction and 
faceting,215,218,219 which in themselves are interesting processes and are 
useful for the study of extended defects.220 Some work on Ta(110) fi lms 
was also done.215

Noble metal surfaces have also been the subject of several LEEM 
studies. For Pt(111) single crystal surfaces step stiffness, step–step 
interactions, step free energy,215,217,221 and bulk-surface vacancy 
exchange222,223 have been determined. For Pd(111) surfaces the step 
stiffness217 has been obtained and sputter erosion processes224 have 
been observed. Studies of the island decay on Rh(100) indicated a new 
surface diffusion process.225 Step fl uctuation spectroscopy of Au(111) 
yielded the surface mass diffusion coeffi cient and the orientation-
dependent step stiffness.226 Dark-fi eld imaging of the reconstructed 
Au(100) surface was used to establish the connection between the 
reconstruction domains and the step orientations (Figure 8–34).80,227,228 
On the Ag(111) surface a critical island size for layer-by-layer growth 
was found.229 From an investigation of the homoepitaxial growth of Cu 
on Cu(100) the Ehrlich–Schwoebel barrier, the energy barrier for diffu-
sion across a step, was deduced.230 Similar to other fcc(110) surfaces, the 
Pb(110) surface reconstructs. A LEEM study of the various reconstruc-
tions, some of them alkali induced, revealed the topography of the 
various phases and the infl uence of surface defects on the transitions 
between them.231,232 Finally, studies of the surface morphology of the 
NiAl(110) surface demonstrated the importance of bulk diffusion for 
surface smoothing.233 Most experiments on clean surfaces rely on the 

6.7 Metal Surfaces

step contrast discussed in Section 5, which illustrates its usefulness.
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Although the growth of many metals on W(110) and Mo(110) has been 
studied with other methods, LEEM has been used infrequently, often 
only in a very cursory manner. Cu is the most investigated layer mate-
rial, both on Mo86,123,166,234,235 and W. The growth on both substrates is 
similar and has been studied in detail on W(110).236 Layer spacings 
have been determined using the quantum size effect discussed in 

237  The more qualitative work on Mo revealed an interesting 
striped phase upon annealing at high temperatures and details in the 
structural phase transition in the double layer. Layer spacings have 
also been obtained from the quantum size effect for Ag on W(110).92 
Au has been studied briefl y on Mo(110) in the submonolayer range 
where it forms needle-like crystals.123,235 In Pd layers on W(110) the 
transition from two- to three-dimensional growth was the subject of a 
combined LEEM–XPEEM study.238 The growth of Ag and Cu on the 
Ru(0001) surface served as a demonstration of the infl uence of 
substrate steps on the growth of three-dimensional crystals.239 In the 

not modifi ed or is modifi ed only a little by the growing fi lm. This is 
not the case on less densely packed surfaces such as the W(111) surface 
that facets upon deposition of certain metals at high temperatures. Pt 
growth on W(111) is a case study for this process.240,241 The growth of 

with SPLEEM.

Figure 8–34. Au(100) surface. Bright-fi eld image (a) and dark-fi eld images 
(c and d) taken with the “(5 × 1)” superstructure refl ections indicated in the 
LEED pattern (b). Electron energy in the images 16 eV.227

6.8 Metal Layers on Metals

Section 5.

ferromagnetic layers will be discussed in Section 7 in connection 

metal-on-metal systems discussed up to now the substrate surface is 
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In many cases the deposited metal forms a surface alloy with the 
substrate. Pd on Mo(100) is an example that was studied in detail by 
LEEM up to several monolayers.242 Clear alloying was observed up to 
a monolayer followed by two-dimensional Pd growth without faceting. 
Alloying of Sn with Cu(111) is strikingly different: at very low cover-
ages large two-dimensional islands form that travel across the surface, 
leaving alloy behind and, thereby, decreasing in size.243 Pb forms on 
the Cu(100) surface initially several two-dimensional structures 
followed by the growth of three-dimensional crystals. LEEM clearly 
shows the correlation between the crystals and the initial layer,244 
evidence for the surface alloying in the initial layer at low coverages, 
followed by dealloying.245,246 The nature of the disordering transitions 
of these phases was also determined.246 One of the most impressive 
results that LEEM has produced up to now is the self-assembly of stress 
domain patterns in the two-dimensional Pb–Cu alloy on Cu(111), 
which consist of domains of a Pb-rich and Pb-poor phase. This process 
has been studied in great detail, which has produced a wealth of infor-
mation on stress-induced ordering phenomena247–251 and has been well 
reviewed.252 Finally, the infl uence of the interface between Pb droplets 
and the Cu(111) surface on the shape and melting of the droplets has 
been the subject of an LEEM study.253,254

Although LEEM is well-suited for the study of reactions on surfaces 
with gases or impurities from the bulk, very little work has been done 
up to now. Segregation of impurities from the bulk and the formation 
of precipitation products on the surface are routinely observed before 
the crystal has been cleaned completely. Surface carbide formation on 
W and Mo surfaces is an example. Images of such carbides and of car-
bides formed by CO dissociation have sometimes been published,123,213,234 
but the precipitation process was never studied in detail. As far as 
oxidation is concerned, only three systems have been studied: the 
initial oxidation of W(100),255,256 the low oxygen coverage region on 
Nb(100),257 and the growth of oxide domains on NiAl(110).258 All three 
studies show interesting unexpected phenomena.

More work has been done on surface reactions in which the reaction 
products desorb, that is in heterogeneous catalysis. The fi rst studies 
looked with very limited resolution at reactions of CO with O2,259,260 
with NO261 and at the reaction of NO and H2,262 mainly at the propaga-
tion of the reaction front and its pinning by defects. On Pt(110) pattern 
formation in the CO oxidation has been studied263,264 and on Rh(110) 
the reaction of NO265 and of O2 with H2.266,267 Most of this work has been 
done with low resolution, but the possibilities of LEEM in this particu-
lar fi eld are evident in some studies.265,267 The contrast is due to the fact 
that surface regions with different reactant composition have different 
structures, which produce characteristic LEED patterns. These can be 
used for dark-fi eld imaging of these regions.265 Such dark-fi eld images 
are shown in Figure 8–35 of the NO + H2 reaction on Rh(110). The 
propagation of a spiral wave reaction is imaged with the diffraction 

6.9 Reactions on Metal Surfaces
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spots of pure N phases (a and b), a mixed N + O phase (c), and a pure 
O phase (d), which occur during the oscillatory reaction. Because of 
the high brightness, LEEM is preferable to PEEM because it allows fol-
lowing the kinetics of the reaction wave propagation and it is superior 
to MEM because of its better resolution.

The only LEEM work on oxides published up to now is that on the 
TiO2(110) surface.268–271 TiO2 is a particularly good example of the infl u-
ence of the exchange of defects between the bulk and the surface on 
its structure because its stoichiometry can vary considerably. On the 
nonstoichiometric surface a (1 × 1) to (1 × 2) phase transition occurs as 
a function of temperature due to vacancy exchange between the bulk 
and the surface, which was studied thoroughly.268–270 When exposed to 
oxygen, the nonstoichiometric, surface grows via step fl ow at high 
temperatures but via two-dimensional nucleation at lower tempera-
tures. With suitable growth conditions the surface topography can be 

271 The 
only nitride studied to date—silicon nitride and GaN, which have been 

surface of TiN layers. These layers form mounds with spiral steps or 
stacks of two-dimensional islands. The mass transport at high tem-
peratures can be studied well by following the step motion and the 
diffusion processes and constants can be derived from it.272,273

The applications discussed in this subsection clearly show the many 
possibilities of LEEM in the study of surfaces and thin fi lms of a wide 

cal properties of surfaces and thin fi lms has been extracted from these 
studies. These can be found in the references cited. Diffraction contrast, 
step contrast, and quantum size contrast, together with the real time 
capability, are the essential features that make LEEM so powerful in 
these studies. It should also be emphasized that LEEM is primarily an 
imaging method for in situ studies. Sample exchange is more time-
consuming than in standard transmission and scanning electron 

Figure 8–35. Dark-fi eld images taken during the reaction of NO with H2 on Rh(110) with LEED spots 
characteristic for the various phases in the oscillatory reaction.265

6.10 Oxides and Nitrides

6.11 Concluding Remarks

variety of materials. Important information on the physical and chemi-

discussed in Sections 6.5 and 6.6, respectively, excepted—is the (111) 

changed and the oxygen content of the bulk can be increased.
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microscopy because the sample has to be transferred into ultrahigh 
vacuum, usually after cleaning in a preparation chamber, and then 
aligned in the microscope. These steps are necessary because of the 
high surface sensitivity of the method and because the sample is part 
of the objective lens so that its surface has to be exactly perpendicular 
to the optical axis.

An important aspect of LEEM is that it can be easily combined with 
other, in part complementary surface imaging techniques. MEM is 
useful whenever no strong diffracted beam is available for imaging, for 
example, on fi ne-grained polycrystalline or amorphous samples. In this 
case the sample potential is chosen such that the electrons cannot pene-
trate into the sample. Contrast is then determined by surface topography, 
surface potential, and work function differences. MEM has been used, 
for example, in the study of chemical reactions.259,260 Ultraviolet light-
excited photoemission electron microscopy (UVPEEM) is probably the 
most popular auxiliary imaging method in LEEM instruments. It is used 
when fi elds of view larger than those possible in LEEM have to be imaged 
or in samples in which it produces better contrast than LEEM. A good 
example is the study of the growth of pentacene fi lms on oxidized Si.274,275 
The application range of UVPEEM is the same as that of MEM, but the 
resolution is in general much better. Synchrotron radiation-excited 
XPEEM provides chemical information and chemically specifi c mag-
netic information. It can be combined easily with LEEM, in particular in 
instruments equipped with an energy fi lter, the SPELEEM mentioned in 

Other imaging methods that are possible in LEEM instruments are 
thermionic emission electron microscopy (TEEM). TEEM is useful in 
general only for samples with locally varying work functions and that 
can be heated high enough for thermionic emission. Metastable impact 
electron emission microscopy (MIEEM) is another imaging method 
with limited application range. In this method276 deexcitation of meta-
stable He* atoms at the surface causes electron emission up to energies 
of 15–20 eV. Because of the chromatic aberration resolutions of 100 nm or 
less can be achieved only with a band pass energy fi lter.277 The main 
application of MIEEM is in the study of adsorbates, which consist of 
regions with different deexcitation processes. In LEEM instruments that 
allow higher energies in the illumination system than in the imaging 
system SEEM and in particular AEEM are possible. AEEM is useful for 
chemical analysis but inferior to XPEEM because of the larger character-
istic peak width and the larger background. As in XPEEM, a band pass 
energy fi lter is indispensable for selection of a narrow energy band at 
the Auger electron peaks. The energy fi lter is also useful for SEEM 
whose application range is similar to that of UVPEEM and MEM.

SPLEEM is a version of LEEM that requires a separate treatment 
because it does not give structural but magnetic information. It differs 
from LEEM only in that the illumination system produces a partially 

7 Spin-Polarized LEEM (SPLEEM)

Section 3. XPEEM is discussed elsewhere in the book.
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spin-polarized electron beam. The polarization is achieved by illumi-
nating a GaAs (100) surface with circular polarized light with the 
wavelength corresponding to the band gap of GaAs. The surface is 
activated by Cs and O2 exposure to negative electron affi nity so that 
electrons that have been excited to the bottom of the conduction band 
can escape the surface. Optical selection rules produce a spin selection 
in the excitation process such that the spin of the emitted electrons 
points normal to the surface either inward or outward, depending 
upon the helicity (right or left) of the exciting light. With specially 
designed photocathodes spin polarizations up to 80% have been 
achieved, but the ordinary cathodes used in SPLEEM usually have a 
polarization of only about 20–30%. Details of this kind of cathode can 
be found in Pierce.278

After extraction from the cathode, the electron beam is defl ected 90° 
by a combined electrostatic–magnetic sector fi eld. In pure electrostatic 
defl ection the direction of the spin polarization P is unchanged, in pure 
magnetic defl ection P is defl ected 90°, and if both fi elds are used for 90° 
defl ection P can be rotated in any direction in the plane indicated in 
Figure 8–36. In the early SPLEEM studies279–284 only electrostatic defl ec-
tion was available. Later the magnetic rotator lens indicated in this 
fi gure was added, which now allows P to rotate in any direction in 
space.285 Usually, however, only three directions are selected, one normal 
to the surface of the crystal and the other two in preferred directions in 
the surface plane (easy and hard magnetic axes). The “spin manipula-
tor” shown in Figure 8–36 is incorporated in the original LEEM described 

50,286

Figure 8–36. Schematic 
of the spin manipulator. 
For explanation see 
text.285

in Section 3 (Figure 8–9) and in a second instrument.
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The magnetic contrast is due to the fact that the 180° backscattering 
from magnetic materials depends upon the relative orientation of the 
spin of the incident electrons and of the electrons in the material, or in 
other words upon the relative orientation of the polarization P and the 
magnetization M. The intensity in the image is then given by I = Istr + 
c P ⋅ M where Istr is determined by the structure and topography of the 
surface, c is a small proportionality constant, and the dot indicates the 
scalar product. Pure magnetic contrast is obtained by subtracting two 
images taken with opposite P direction pixel by pixel. Maximum con-

magnetic domains with opposite magnetization vanishes and only the 
domain walls produce contrast. Maximum contrast requires imaging 
at very low energies, typically a few electronvolts. At these energies 
the exchange splitting of the band structure and the difference between 
the inelastic mean free paths of the spin-up and spin-down electrons, 

between the backscattering for the two spin directions. Because the 
magnetic signal is only a small fraction of the total signal, the signal-
to-noise ratio in the difference image is small and frequently limits the 
resolution.287 Addition of two images with opposite P direction 
produces only structural contrast, which makes SPLEEM ideal for 
the correlation between magnetism and structure. More information 
on magnetic contrast formation may be found in recent SPLEEM 
reviews.288,289

In most of the SPLEEM studies the ferromagnetic samples are pre-
pared in situ while observing the magnetic structure together with the 
crystal structure and topography via several contrast mechanisms. 
However, ex situ prepared samples can also be studied after proper 
surface cleaning as illustrated in Figure 8–37 for a Co(0001) surface that 
had been sputter-cleaned and annealed.279 Ex situ prepared samples 
can also be studied when passivated with a thin layer that is suffi -
ciently transparent for slow electrons such as noble metals.290 In this 
method it has to be taken into account that such overlayers can change 
the magnetization in the fi lm below.291,292 The in situ studies cover single 

Figure 8–37. SPLEEM image of 
the closure domains on a 
Co(0001) surface. Electron 
energy 2 eV.279

which were mentioned in Section 2, cause the strongest difference 

trast occurs obviously for P || ± M. For P ⊥ M the contrast between 
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ferromagnetic layers, ferromagnetic layers covered with nonmagnetic 
overlayers, ferromagnetic–nonmagnetic–ferromagnetic sandwiches, 
and small ferromagnetic crystals.

Under certain conditions large regions of a thin Fe fi lm can be grown 
with constant thickness and atomically fl at surfaces. These show pro-
nounced quantum size effects (Figure 8–26).88 The intensity refl ected 
from regions with different thickness shows pronounced spin-
dependent quantum size oscillations as a function of energy (Figure 
8–27) from which the exchange-split band structure above the vacuum 
level can be derived.87,88

The early SPLEEM work concentrated on Co fi lms on W(110) 
without279–281 and with282 nonmagnetic overlayers, on Co on Au fi lms 
on W(110),283 and on initial studies of Co/Cu/Co sandwiches.280 Some 
of the more interesting results were the dependence of the spin reori-
entation transition from out-of-plane to in-plane magnetization—
deduced from the disappearance of the in-plane magnetic contrast—upon 
the state of the Au fi lm and the strong infl uence of the substrate topo-
graphy;283

by Cu and Pd overlayers due to the different inelastic mean free paths 
in these materials; and the quantum size effect in the magnetic signal 
caused by Cu overlayers,282 which was studies later in considerable 
detail in Cu fi lms on fcc Co(100).

Co on W(110) was found to have up to about ten monolayers an interest-
ing “wrinkled,” predominantly in-plane magnetization . The mecha-
nism of the spin-reorientation transition in Co layers on Au(111) layers 
on W(110) could be elucidated in great detail . Because of the long 
inelastic mean free path in Cu and Au and the short inelastic mean free 
path in Co, the interlayer exchange coupling between Co layers through 
Cu and Au layers could be shown to be much more complex than 
deduced from macroscopic measurements. In particular, the depen-
dence of interface roughness-induced biquadratic coupling upon fi lm 
thickness and growth conditions could be demonstrated . A good 
example of the sensitivity and fl exibility of SPLEEM is the study of the 
spin reorientation transition of Fe–Co alloy layers on Au(111) layers on 
W(110) . As seen in Figure 8–38 the magnetic contrast is already 
quite strong at 1.22 monolayers, increases only slightly with thickness, 
and then decreases when fi lm approaches the spin reorientation transi-
tion at about 2.7 monolayers. During the approach of the tran sition a 
pronounced striped phase develops and the magnetization tilts increas-
ingly but converts abruptly into large, predominantly in-plane magne-
tized domains. The surface has large step bunches pointing toward and 
away from the vapor source, which causes the transition to occur earlier 
or later. In lateral averaging studies this would smear out the transition 
so that it would appear more continuous. Many other details can be 
extracted from the SPLEEM images, which indicate a rather complex 
transition.

The growth and magnetic domain structure on other W surfaces 
shows the crucial role that the substrate orientation plays. On a well-
oriented W(111) surface many small domains in various orientations 

293

294

295,296

297,298

90

With the spin manipulator all three M components can be measured. 

 the large difference in the damping of the magnetic signal 
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are observed, indicating weak in-plane anisotropy in the Co(0001)-like 
layer that forms after the initial pseudomorphic growth. On a slightly 
misoriented surface only large domains with opposite M are observed, 
presumably induced by steps . On the W(100) surface Co grows with 
(11–20) plane parallel to the substrate and forms long narrow and tall 
crystals. No magnetic signal could be obtained because the top surface 
of the crystals is not parallel to the substrate so that no electrons are 
refl ected along the optical axis in the energy range in which the mag-
netic signal is strong . This shows one of the limitations of SPLEEM.

Another interesting and much discussed magnetic thin fi lm system 
is Fe on Cu(100). This system passes through several magnetic transi-
tions with increasing fi lm thickness and has been studied thoroughly 
with SPLEEM as a function of thickness, deposition rate, and tempera-
ture . Quantitative measurements allowed fi tting of the data to 
theoretical models of the thickness dependence of the Curie tempera-
ture and of the critical behavior. The deposition rate was found to have 
major infl uence on initial fi lm growth and magnetism. The same 
system, Fe/Cu(100), was used to demonstrate that SPLEEM imaging is 
also possible in a magnetic fi eld perpendicular to the surface. From the 
images taken in fi elds up to ±20 Oe the hysteresis curve of the layer 
could be determined . In Ni fi lms on Cu(100) very large domains were 

Figure 8–38. The spin reorientation transition in a Fe–Co alloy layer on Au(111). The top row shows 
the out-of-plane component of the magnetization and the bottom row the in-plane component. Elec-
tron energy 2.5 eV and diameter of fi eld of view 10 µm.
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observed whose domain walls were wide enough (400 nm) to allow 
determination of the profi le of the Néel walls .

SPLEEM can be used not only for the study of the magnetization in 
thin fi lms but also for that in small particles whose domain structure is 
of interest in magnetic recording. Small particles with a wide range of 
shapes can be grown in a SPLEEM instrument on single crystal sub-
strates either by deposition or by annealing at elevated temperatures. 
The shapes range from nearly isometric crystals with lateral dimensions 
of several 100 nm to long wires with widths down to less than 10 nm.  
Figure 8–39 illustrates an intermediate case, wide Fe ribbons on W(110). 
The domain structure in these crystals is determined mainly by shape 
and misfi t strain anisotropy.

Concluding this section, the strengths of SPLEEM should be empha-
sized once more: correlation with the microstructure, fast image acqui-
sition compared to other magnetic imaging methods, high surface 
sensitivity, and easy access to all three magnetization components.
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9
Photoemission Electron 

Microscopy (PEEM)
Jun Feng and Andreas Scholl

1 Introduction

1.1 A Brief History of Photoemission Electron Microscopy

Photoemission electron microscopy (PEEM) has proven to be a power-
ful tool in material science, surface physics and chemistry, thin fi lm 
magnetism, polymer science, and biology. PEEM, also called photoelec-
tron microscopy (PEM), is the most widely used type of emission 
microscopy and is closely related to the more recently developed low-
energy electron microscopy (LEEM) (Bauer, 1994). In 1905, Einstein 
proposed that light quanta are quantized and explained the photoelec-
tric effect in terms of a photon’s energy to release an electron from a 
surface (Einstein, 1905). A photoemission electron microscope forms an 
image of a solid surface based on the spatial distribution of electrons 
emitted by the absorption of photons with energy that exceeds the 
sample work function. Historically, the invention of PEEM dates to the 
early 1930s shortly after the introduction of electron lenses. The fi rst 
working photoemission electron microscope was built by Brüche in 
1932 using ultraviolet (UV) light to image photoelectrons emitted from 
a metal (Brüche, 1932; 1933) (Knoll et al., 1932). The principal design of 
his PEEM is still used. In Brüche’s PEEM, UV light from a mercury lamp 
was focused by a quartz lens onto the sample cathode. The emitted 
electrons were accelerated by a potential difference of 10–30 kV between 
the cathode and the anode of the PEEM and focused onto a phosphor 
screen. At about the same time, Knoll, Hontermans, and Schulzer con-
structed an emission microscope using two magnetic lenses (Langmuir, 
1937). The fi rst calculation of the resolution in emission microscopy was 
published by Langmuir in 1937, and subsequent treatments were pub-
lished by Reckangel (1941). PEEM techniques were refi ned and improved 
by Engel (1966). Engel’s PEEM achieved an order-of-magnitude increase 
in resolution over previous instruments and served as a prototype for 
the KE-3 emission microscopes developed by Wegmann in the 1970s 
(1972). At this time it was recognized that PEEM is a surface technique, 
which requires proper attention to the condition of the sample surface 
on an atomic scale (Engel, 1966; Griffi th and Rempfer, 1987). A detailed 
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description of the early history of electron lenses and electron micros-
copy can be found in Griffi th and Engel (1991) and in Bauer (1994).

In the development of PEEM, the Oregon microscope project, lead by 
Griffi th and Rempfer, played an important role. Griffi th and Rempfer 
built an ultrahigh vacuum UV-PEEM with a spatial resolution of 10 nm 
and produced a steady stream of beautiful micrographs of biological 
samples (Griffi th and Rempfer, 1987; Rempfer and Griffi th, 1989). 
Rempfer also investigated the spatial resolution of PEEM and the prop-
erties of electron lenses of different shape and using different operation 
voltages, both in experiment and in theory (Rempfer, 1985; Rempfer 
and Griffi th, 1989). Bauer and Telieps built an electron microscope with 
both LEEM and PEEM modes (Telieps and Bauer, 1987). Instead of 
photoelectrons, the LEEM employs electron diffraction of low-energy 
electrons and excels at the investigation of crystalline surfaces, epitaxial 
fi lms, and fi lm growth.

A relatively recent development is the use of X-rays instead of UV 
radiation. X-ray photoemission electron microscopy (X-PEEM) was 
demonstrated for the fi rst time in 1988 by Tonner and Harp (1988). In 
1993 Stöhr et al. (1993) showed that X-PEEM can image magnetic 
domains at high resolution. X-PEEM instrumentation has evolved 
rapidly during the past decade, and almost every major synchrotron 
facility is now home to a PEEM instrument (Anders et al., 1999; 
Heyderman et al., 2003; Kuch et al., 2000; Schneider and Schönhense, 
2002; Wei et al., 2003).

PEEM is limited in resolution by the chromatic and spherical aberra-
tions of the electron lenses. It has been shown that an aberration cor-
rector can improve the resolution down to 1 nm (Fink et al., 1997). 
Currently, two aberration-corrected X-PEEMs are under construction, 
the “SMART” PEEM at BESSY II (Hartel et al., 2002) and the PEEM-3 at 
the Advanced Light Source (Wan et al., 2004). In Section 2 we will 
discuss the basic layout of an X-PEEM experiment. We will also describe 
the image generation due to X-ray absorption and discuss contrast 
mechanisms with the aid of some examples. Section 3 will address the 
electron optics of uncorrected PEEM, and Section 4 will extend the dis-
cussion to aberration correction. Section 5 will deal with a very impor-
tant application of X-PEEM: imaging of magnetic domains. The last 
section will introduce time-resolved X-PEEM, sometimes called TR-
PEEM, which is a very recent development. TR-PEEM is used to image 
magnetic processes on the nanoscale with picosecond time resolution.

2 X-Ray PEEM

2.1 X-Ray Sources

Electron storage rings, also called synchrotrons, are today’s premier 
sources of polarized, intense X-rays. Synchrotron radiation is generated 
when relativistic electrons are defl ected, for example, by a dipole 
magnet. The radiation, which is polarized, spans a wide range of wave-
lengths from micrometers (infrared) to Ångstroms (hard X-rays), and 
energies from millielectronvolts to kiloelectronvolts (Attwood, 2000). 
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Bending magnets or so-called insertion devices are used as X-ray 
sources. Radiation from a dipole or bending magnet is linearly polar-
ized in the storage ring plane. A few degrees above and below, the 
radiation is right and left elliptically polarized with a high degree of 
circular polarization of typically 80%. In a bending magnet beamline, 
the polarization is chosen by a movable aperture, which masks out a 
vertical slice of the beam. Insertion devices, in particular undulators 
or elliptically polarizing undulators (EPUs), provide X-rays of much 
higher intensity. Undulators are multipole magnet structures that 
repeatedly defl ect the electron beam, generating X-rays at each bend 
that are coherently superimposed. The magnetic structure in an EPU 
can be adjusted to generate radiation of variable polarization: left and 
right circularly polarized, linearly polarized in and perpendicular to 
the ring plane, and often also linearly polarized at intermediate angles. 
The X-rays from the storage ring are brought through an evacuated 
beamline to the experiment (Figure 9–1). A grating monochromator in 
the beamline generates a monochromatic beam with an energy resolu-
tion of typically several 100 meV. X-ray photoemission electron micro-
scopes are mostly used in an energy range between about 100 and 
2000 eV, called the soft X-ray regime, which spans the absorption edges 
of many important elements, in particular of the transition metal fer-
romagnets Fe, Co, and Ni. The X-rays are focused onto the sample 
using X-ray mirrors to match the X-ray spot size to the fi eld of view of 
the microscope, usually a few 10s or 100s of micrometers. The electron 
optics of the X-PEEM experiment image the photoelectron yield of the 
sample with magnifi cation onto a detector, usually a phosphor and a 
charge-coupled device (CCD) camera. The CCD digitizes the signal, 
which can later be processed by a PC.

2.2 The X-Ray Absorption and Photoemission Process

When X-rays are absorbed by matter, electrons are excited from core 
levels into unoccupied states, leaving empty core states (Figure 9–2). 
Secondary electrons are excited by the decay of the core hole. Auger 
processes and inelastic electron scattering create a cascade of low-
energy electrons, of which some penetrate the sample surface, escape 

Figure 9–1. Layout of X-ray source, beamline, and PEEM of the Advanced 
Light Source PEEM-2 microscope.
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into vacuum, and are collected by the PEEM optics. A wide spectrum 
of electrons is emitted, with energies between the energy of the illu-
mination and the work function of the sample. This wide electron dis-
tribution is the principal source of image aberration in the microscope 
since electron lenses are chromatic. In the case of X-ray illumination 
the distribution of the low-energy secondary electrons can be approxi-
mated by ne ∼ E/(E + W)4, where W is the work function of the material 
and E is kinetic energy (Tonner and Dunham, 1994). In Figure 9–3 the 
electron distributions after X-ray and UV illumination are compared. 
Note that for X-PEEM in contrast to UV-PEEM a much wider range of 
energies contribute to the image. Therefore X-PEEM has signifi cantly 
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Figure 9–2. Excitation of 
a core electron into an 
empty valence state after 
X-ray absorption (left) 
and Auger decay of the 
core hole (right). A 
cascade of low-energy 
electrons is created, of 
which some escape into 
a vacuum and are 
detected.

Figure 9–3. Energy distribution of the emitted secondary electrons excited by 
X-rays (solid line) and UV light (dashed line).
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lower resolution than UV-PEEM, if no aberration corrector is used. The 
effective mean free path λel of the low-energy secondary electrons sets 
a limit to the probing depth of the technique. In metals a λel of 1.5–2 nm 
is typical (Nakajima et al., 1999). In polymers the effective mean free 
path is at least twice as large (Ohara et al., 1999; Zharnikov et al., 2002). 
Image contrast can still be obtained through cover layers with a thick-
ness of up to about three times the effective mean free path.

The total electron emission of the sample is proportional to the X-ray 
absorption coeffi cient averaged over the probed thickness. PEEM 
images the lateral electron emission and thereby maps the local X-ray 
absorption of the sample as a function of X-ray energy. Local X-ray 
absorption spectra are obtained by monitoring the local image inten-
sity while scanning the X-ray energy. Therefore, X-PEEM is called a 
spectromicroscopy technique. PEEM is also a full-fi eld imaging tech-
nique, and spectra from many image points are taken in parallel.

2.3 Image Contrast in X-PEEM

Contrast in X-PEEM arises from the element-, chemistry-, and 
magnetism-specifi c absorption of different materials. Magnetic con-
trast will be discussed in Section 5. Two other contrast mechanisms, 
work function contrast and topographic contrast, appear using both 
X-ray and UV radiation. Work function contrast is particularly strong 
if a UV source is used with energy between the work function of two 
materials that are present at the sample surface. Only the area with low 
work function emits electrons and appears bright. Topographic con-
trast arises from rough or structured surfaces. Topographic features 
shape the electrical potential close to the sample and lead to electron 
defl ection, electron focusing, and defocusing. Usually, experimenters 
seek to minimize topographic contrast by preparing smooth samples, 
e.g., single crystals, polished surfaces, or fi lms grown on fl at substrates, 
because sample roughness can lower the image resolution.

2.3.1 Elemental Contrast
Elemental contrast is a consequence of the large enhancement (by 
factors of 10 and more) of the X-ray absorption right above core-level 
absorption edges, compared to the absorption below the edge. Reso-
nant absorption into valence states can further increase the absorption 
at particular photon energies. By tuning the photon energy to a specifi c 
absorption edge, areas that predominantly contain that particular 
element light up in the X-PEEM image. K edges of light elements from 
C to Si, L edges of transition metals from Ti to Zn and of main group 
elements from Ca to Br, and M edges of rare-earth metals from La to 
Yb can be studied with soft X-rays. The technologically most important 
magnetic elements, the transition metals Cr, Mn, Fe, Co, and Ni and 
the rare-earth metals Sm, Eu, Gd, and Tb, have absorption edges 
between 570 and 1300 eV, at which magnetism can be measured easily 
and quantitatively, as will be discussed later.

The ultimate frontier of PEEM is the imaging and spectroscopy of 
nanoscale objects. Although current instruments do not yet possess the 
ability to spatially resolve a nanometer object, the high sensitivity of 
PEEM allows us to detect the signal from a single nanoobject, if it is 
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suffi ciently separated in space from neighboring objects. As an example 
for the sensitivity of X-PEEM and for elemental contrast imaging, 
measurements of 10-nm γ-F2O3 clusters are shown in Figure 9–4 
(Rockenberger et al., 2002). Clusters that were brought onto HF-etched 
Si wafers from solution were studied. Images of these clusters were 
obtained by subtracting a background image acquired before the Fe L 
edge from an image acquired on the Fe L3 peak (at 710 eV). This often-
used difference method augments the signal originating from a par-
ticular element. Individual clusters are visible as light dots. Local 
spectra acquired from a single cluster (I) and the clean substrate (II) 
show a clear Fe signal from a single cluster but only background from 
the surrounding area.

Figure 9–4. High-resolu-
tion micrograph of 10-nm 
iron oxide clusters (γ-Fe2O3) 
imaged by X-PEEM at the 
Fe edge. Below: local 
absorption spectra 
acquired at a cluster posi-
tion (I) and on the substrate 
(II). [Reprinted with per-
mission from Rocken-
berger et al. (2002). 
Copyright 2002 by the 
American Institute of 
Physics.]
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2.3.2 Chemical Contrast
The fi ne structure, which is superimposed onto the step-like increase 
in the absorption at photon energies close to the absorption edge, is 
called near edge X-ray absorption fi ne structure, or NEXAFS. NEXAFS 
is selective regarding the electronic structure and chemical environ-
ment of the atom that absorbed the X-ray photon (Stöhr, 1992). This 
chemical and electronic sensitivity is due to the fact that close to the 
absorption edge photoexcited core electrons are excited into and there-
fore probe valence states. The density of these states is determined by 
the electronic band structure and therefore the electronic, chemical, 
and magnetic properties of the material. In hydrocarbons spectral fea-
tures can often be associated with particular bonds and molecular 
orbitals, allowing a fi ngerprint analysis of spectra (Stöhr, 1992; 
Urquhart et al., 1999). In inorganic compounds, the NEXAFS spectrum 
is often used to determine oxidization states. Figure 9–5 shows Fe and 
Mn images and spectra of a manganese nodule found on the fl oor of 
the deep ocean. Regions that are rich in a material containing Mn and 
Fe ions appear brighter, when imaged at energies that are specifi c for 
the oxidization states of ions. Local spectra acquired in selected regions 
distinguish the materials that dominate in the core and rim region of 
the studied growth band, providing information about the genesis of 
the material (Smith et al., 2003).
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Figure 9–5. Chemical imaging of a manganese nodule from the ocean fl oor. X-PEEM micrographs 
and spectra show areas with different Fe and Mn oxidization states. [Reprinted with permission from 
Smith et al. (2003).35 Copyright 2003 by EDP Sciences.]
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3 Uncorrected PEEM Microscopes

Most photoemission electron microscopes have some common char-
acteristics. Modern microscopes use at least three lenses—an objec-
tive, an intermediate, and a projective lens—to achieve optimum 
resolution and magnifi cation. The outline of the electron optics is 
sketched in Figure 9–6. Some microscopes use magnetic or compound 
magnetic–electrostatic lenses, but here a microscope based on simple 
electrostatic lenses will be described. The sample, which is illumi-
nated by UV or X-ray radiation, is located in front of an immersion 
objective lens. In contrast to light microscopes, the sample is an inte-
gral part of the fi rst electrostatic lens of the imaging system. The 
design of the sample stage in a PEEM is critical. Any vibration or drift 
is magnifi ed by the optics and reduces the microscope resolution. 
Signifi cant misalignment of the sample causes coma and also a loss 
of resolution. The sample–objective lens optics consist of two parts: 
an acceleration fi eld and a unipotential lens. A strong acceleration 
fi eld of about 20 kV over 2 mm accelerates the electrons between the 
sample and the fi rst electrode of the objective lens. The strong accel-
eration limits the relative energy spread and the angular spread of 
the electrons that are transported into the microscope. The objective 
lens together with a contrast aperture in the back focal plane deter-
mines the resolution and transmission of the system. By choosing 
different aperture sizes, resolution can be traded for microscope 

Figure 9–6. Schematic electron optical layout of a photoemission electron 
microscope.
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transmission. A multipole stigmator–defl ector is located close to the 
back focal plane of the objective lens to compensate astigmatism and 
alignment errors. The intermediate lens and projective lens transfer 
and magnify the image onto a microchannel plate or a phosphor 
screen. This phosphor transforms the electron into a visible image, 
which is captured by a CCD camera.

3.1 The Objective Lens

The objective lens is the most important component of the electron 
optical system. Triode and tetrode cathode lenses have been used. 
Chmelik et al. compared several types of cathode lenses (Chmelik et 
al., 1989). Rempfer et al. analyzed different objective lens types based 
on extensive electron optical bench measurements (Rempfer et al., 1999; 
Rempfer and Griffi th, 1989).

The lens evaluation occurs in four steps: (1) calculation of the fi eld 
distribution of the lens, (2) calculation of the electron trajectories and 
the electron optical properties, (3) evaluation of the interaction of the 
lens with other parts of the electron optics, and (4) tolerance analysis 
in regard to mechanical errors. Often an analytical treatment is not 
possible and numerical methods must be used, which benefi t from the 
rapid progress in computer technology. A charged particle optics 
(CPO) program was developed by Read for solving charged particle 
optics problems using the surface charge method (Harting and Read, 
1976).* Munro has developed a series of electron optics programs using 
the fi nite element method (Hawkes, 1973; Orloff, 1997). Perhaps the 
most popular program used in electron optics is SIMION 3D (http://
www.simion.com) which was developed by Dahl (Dahl, 2000). SIMION 
is an electrostatic and magnetic fi eld modeling program that solves the 
fi eld using a fi nite element method and traces the motion of electrons 
using a fourth-order Range-Kutta integrator. Figure 9–7 shows the 
equipotential contours of a tetrode objective lens, calculated using 
SIMION. The acceleration fi eld is approximately uniform in the vicin-
ity of the optical axis except close to the anode aperture. The aperture 
acts as a thin diverging lens (Rempfer and Griffi th, 1989; Davisson and 
Calbrick, 1932).

The objective lens can be characterized by the trajectory of the prin-
cipal rays, the fi eld ray and the axial ray (Figure 9–8). The calculation 
treats the electrodes as a single lens because the fi elds overlap, but it is 
instructive to describe the objective lens optics as being composed of 
(1) the accelerating fi eld, (2) a weak diverging lens, and (3) a unipoten-
tial lens. The acceleration fi eld forms a virtual image at unit magnifi ca-
tion at twice the sample distance l. The weak diverging lens created by 
the aperture of the fi rst electrode forms another virtual image at dis-
tance 3/l behind the sample. It is demagnifi ed by M = 2/3. Finally, the 
unipotential lens forms a real image with a typical magnifi cation of 
M = 10–40 (Anders et al., 1999; Schneider and Schöhense, 2002; Watts 
et al., 1997).

* Student versions of the program are available at no coot from http://www.
electronoptics.com/.
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3.2 The Intermediate and Projective Lens

The intermediate and projective lenses magnify the image of the objec-
tive lens without distortion to reach a fi nal magnifi cation typically 
between 30 and 4000. The angle and energy-dependent aberrations of 
the intermediate and projective lenses are negligible because the energy 
and angular spread of the electron beam are small here. However, the 
distortion aberrations need to be minimal because the object size after 
magnifi cation by the objective lens is signifi cant, fractions of a milli-
meter or more. Therefore, the intermediate and projective lenses are 
designed to work at minimum focal length. As the excitation of the 
electrostatic lens is increased, its focal length decreases and the object 
side focal point enters the lens fi eld. The distortion coeffi cient can reach 
zero at minimum focal length. This type of lens has been examined in 
detail by Rempfer et al. (1991) who studied rotationally symmetric, 
three electrode, unipotential lenses (Figure 9–9). The term unipotential 
means that the image and object side electrodes are on the same poten-
tial. Important lens parameters are the thickness of the center electrode 
t, the interelectrode spacing S, the diameter of the center electrode D, 
the diameter of the end electrode aperture A, and the radius of the 
center electrode R. Starting with parameters chosen from diagrams 

Figure 9–7. Equipotential contours of the electric fi eld of an electrostatic 
PEEM objective lens at 20 kV sample voltage.
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Figure 9–8. Principal electron rays in an objective lens: dashed line, axial ray; 
solid line, fi eld ray; F, back focal plane; I, image plane.

Figure 9–9. Electrode 
geometry of a symmet-
ric unipotential lens.
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published by Rempfer (1985), the lens properties can be optimized for 
a particular application using numerical methods.

3.3 Transmission and Spatial Resolution of PEEM

The microscope transmission and spatial resolution determine the 
quality of a PEEM. Bauer (1991) has used these two quantities to defi ne 
a quality factor. The spatial resolution determines how well spatial 
details are preserved, and the transmission determines the noise level 
in an image and the acquisition speed (Jacobsen et al., 1992; Schneider, 
1998). The sample is an integral part of PEEM optics, and the optimum 
resolution can be achieved only on ideally fl at surfaces. The effects of 
roughness and sample tilt have been previously discussed (Marcus, 
2001; Nepijko et al., 2000).

3.3.1 Transmission
The microscope transmission is defi ned as the fraction of emitted elec-
trons that reaches the detector. To reduce aberrations most microscopes 
contain several apertures of different size that can be moved into the 
electron beam. Thus transmission can be traded for resolution. The 
aperture confi nes the electron beam to the paraxial region and can also 
limit the energy acceptance of the microscope. Using E/(E + wf)4 for 
the electron energy distribution for a work function wf and using 
Lambert’s law for the electron angular distribution, the transmission 
of PEEM can be evaluated in a simple closed form

 
T

i f

= −
+

1
1

1 2 2[ ( ) ( )]a f U/W/ *  
(1)

Here, a is the aperture radius, U is the sample potential, and fi* is the 
image side focal length of the objective lens. A high sample potential 
and a large aperture improve transmission, whereas a long focal length 
and large work function reduce transmission (Feng et al., 2002).

Figure 9–10 shows SIMION simulations of the angle and energy 
distribution of the electrons transmitted through apertures of different 
size. Every point represents one electron. Both the energy spread and 
the transmission decrease with decreasing aperture size. Note that 
high-energy, paraxial electrons still pass through the aperture. The 
resolution is dominated by electron diffraction when the aperture size 
is lowered beyond a certain minimum value. Therefore, apertures with 
a diameter larger than 10 µm are usually used.

3.3.2 Spatial Resolution
The spatial resolution of microscopes is characterized by a spread func-
tion. The spread function describes the microscope image of a chro-
matic point source and a diverging electron beam. Diffraction, spherical, 
and chromatic aberrations are regarded as independent contributions 
and are added quadratically. The total resolution is given by

 r r r rtot s
2

c
2

d
2= + +  (2)

where the third-order spherical aberration is defi ned as

 rs = Csα3 (3)
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Figure 9–10. SIMION simulations of the angle and energy distribution of the 
emitted electrons that are accepted by X-PEEM when apertures of different size 
are used. (a–d) The angle; (e–h) the energy distribution.

the fi rst-order chromatic aberration is defi ned as

 rc = CcαδE/(E) (4)

and the diffraction disk is defi ned as

 rd = 0.61λ/α (5)
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Here, Cs and Cc are the spherical and chromatic aberration coeffi cients, 
λ and E are the electron wavelength and the electron energy, δE is the 
electron energy spread, and α is the half angle of the pencil beam 
passing the back focal plane aperture. Though Eqs. (2)–(5) can be easily 
solved, the results are often misleading because the contributions of 
aberrations and diffraction are not Gaussian and therefore the equations 
give only a rough estimate of the microscope resolution.

An alternate way of characterizing the spatial resolution is by deter-
mining the spatial frequency transfer of the microscope. The intensity 
distribution of an image produced by a point object under incoherent 
illumination is called the impulse response function h(x, y). The object 
intensity distribution f(x, y) and the image intensity distribution g(x, y) 
are related by the convolution equation

 g x y f x y h x x y y dx dy( ) ( , ) ( , ), = − −∫∫ 1 1 1 1 1 1  (6)

After a Fourier transformation one obtains

 G( fx, fy) = F( fx, fy) ⋅ H( fx, fy) (7)

G, F, and H are Fourier transforms of g(x, y), f(x, y), and h(x, y). The 
function H( fx, fy) is the complex optical transfer function (OTF), with 
real and imaginary parts

 OTF( f ) = |H( fx, fy)|eiφ( f ) (8)

The real part |H( fx, fy)| is called the modulation transfer function 
or MTF, and the function φ( f ) is called the phase transfer function. 

Figure 9–11. Measured (black dots) and calculated (solid line) modulation 
transfer function (MTF) of PEEM-2 at the Advanced Light Source.
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Experimentally, the MTF is measured as the contrast with which spatial 
frequencies of an object are transferred to an image. Higher frequencies 
correspond to smaller object features. Figure 9–11 shows the measured 
and calculated MTF of PEEM-2 at the Advanced Light Source using an 
extraction fi eld of 20 kV and a 12-µm aperture (Doran et al., in prepara-
tion). It starts with unity modulation transfer at low frequencies and 
gradually drops at higher spatial frequencies. A transfer of 1 indicates 
that the spatial detail of an object at that frequency is perfectly trans-
ferred, while zero transfer indicates a complete loss of information. 
Values between 0 and 1 indicate partial transfer of spatial frequencies 
and a reduced contrast. The Rayleigh criterion for spatial resolution is 
equivalent to a 9% contrast transfer, which is reached for a frequency 
corresponding to a feature size of 35 nm. Often a higher contrast is 
required in experiments. At about 80 nm PEEM-2 reaches 40% contrast 
transfer. The agreement between experiment and simulation over a 
wide spatial frequency range confi rms the accuracy of the simulation.

4 Aberration-Corrected PEEM Microscopes

The improvements in resolution of light and electron microscopes over 
the past two centuries are compared in Figure 9–12 (Rose, 1994). At the 
beginning of the twentieth century the light microscope had reached 
its best resolution after the invention of aberration correction by Abbe, 
using a combination of a concave and a convex lens, called an achromat 
lens. The electron microscope soon surpassed the resolution of optical 
microscopes because of the much smaller wavelength of kilovolt elec-

Figure 9–12. History of microscopy techniques and evolution of spatial reso-
lution. Shown are signifi cant steps in the development of optical microscopy, 
electron microscopy, and X-PEEM. (From Rose, 1994).
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trons, effectively removing the effect of diffraction, if electrons of suf-
fi ciently high energy are used. Today, the electron microscope has not 
reached the diffraction limit and lens aberrations still dominate. Among 
these aberrations, astigmatism, coma, and fi eld distortions can either 
be easily corrected or they are small close to the optical axis of the 
microscope*. Early in the development of electron optics theory, Scher-
zer showed that simple electron lenses always suffer from two other 
important aberrations: chromatic and spherical aberrations (Scherzer, 
1936). The electron-optical analogue to a light-optical achromat does 
not exist. Different approaches have been tried to remove these aber-
rations by relinquishing one of the conditions of Scherzer’s theorem, 
which applies only to simple lenses (Hawkes et al., 1996). Multipole 
aberration correctors, which use a nonrotationally symmetric fi eld, 
have been successfully used in a low-voltage scanning electron micro-
scope (SEM) (Zach and Haider, 1998), in transmission electron micro-
scopes (TEMs) (Haider et al., 1995, 1998), and in scanning transmission 
electron microscopes (STEMs) (Dellby et al., 2001; Batson et al., 2002). 
X-PEEM has much larger aberration coeffi cients than SEM or TEM, 
because of the large energy width of the secondary electron distribu-
tion, the low initial electron energy, and the large fi eld of view. There-
fore, the aberrations of X-PEEM are corrected using an electron mirror, 
which has approximately opposite chromatic and spherical aberrations 
of the objective lens.

4.1 Aberrations of an Electron Lens

The electron trajectories in an electron lens are affected by spherical 
and chromatic aberrations (Figure 9–13). The Gaussian image plan is 
defi ned as the intersection of the paraxial ray with the optic axis. The 
spherical aberration refers to the variation of the focal distance with 
the angle of a ray from the paraxial ray. An electron passing the lens 
far from its center experiences a higher fi eld and is focused more 
strongly. The focus lies before the image plane. The chromatic aberra-
tion refers to the variation of the focal distance with the electron energy. 
Slower electrons experience the fi eld for a longer time and are focused 
more strongly. The focus lies before (slow electrons) or behind (fast 
electrons) the image plane.

Figure 9–14 shows the resolution of a typical X-PEEM with a 2-mm 
acceleration gap and 20-kV acceleration fi eld for a 4-eV work function, 
broken down according to the source of the aberration. Dominant are 
the aberration caused by the accelerating fi eld and the chromatic aber-
ration of the lens. Although the resolution can be improved by using 
a very small aperture, the usefulness of this approach is limited because 
of the severe reduction in microscope transmission and the onset of 
diffraction at very small aperture sizes. An ultimate resolution of close 
to 20 nm has been achieved in several instruments (Anders et al., 1999; 
De Stassio et al., 1999; Bauer, 1997; Schönhense and Spiecker, 2002). 

* A simple electrostatic lens is rotational symmetric, uses static fi elds, is space 
charge free, and the electronic lenses does not reverse its direction.
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Figure 9–13. Illustration of spherical (top) and chromatic (bottom) aberrations 
of an electron lens.

Figure 9–14. Contributions of various aberrations to the total resolution limit 
on uncorrected PEEM. Sample voltage 20 kV, gap = 2 mm, work function wf = 
4 eV. tot, total aberration; acc, aberration of accelerating fi eld; chr, chromatic 
aberration of objective lens; sph, spherical aberration of objective lens; diff, 
contribution of diffraction.
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Aberration correction promises to signifi cantly improve the ultimate 
resolution beyond this limit and also to increase the transmission of 
X-PEEM at moderate resolution by a factor of 100 (Bauer, 2001).

4.2 An Aberration-Corrected Microscope Using an Electron Mirror

The idea of using an electron mirror to correct the chromatic and spheri-
cal aberration of a round lens dates back more than half a century 
(Zworykin and Kosma, 1945; Ramberg, 1949). Extensive studies of elec-
tron mirrors have been performed by Kel’man (1973, 1974), Dodin (1981), 
Rempfer (1990, 1992, 1997), Shao (1990a, 1990b), and Rose (1995, 1997), 
and co-workers. An electron mirror uses a refl ecting electrode with a 
suffi ciently high negative potential to reverse the propagation direction 
of the electron beam. In 1990, Shao and Wu proposed using an electron 
mirror with more than two electrodes to be able to freely adjust the 
aberration coeffi cients.73 Through numerical analysis of a four-
electrode electric mirror, they showed that spherical and chromatic 
aberrations can be adjusted electrically without changing the image 
distance of the mirror. Later, a more sophisticated theoretical model 
using a time-dependent perturbation method was developed by Rose 
and Preikszas (1995) to fully understand the mirror system. Integral 
expressions for the aberration coeffi cients of an electron mirror were 
derived and higher order aberrations were studied. Currently, two 
aberration-corrected PEEM microscopes using electron mirrors are 
being built. The fi rst is called SMART (SpectroMicroscope for All 
Relevant Techniques) in Germany and has been designed as an ultra-
high-resolution spectromicroscope for BESSY II, Germany (Fink et al., 
2003). The second is called PEEM-3 at the Advanced Light Source, USA, 
and has been designed for the study of magnetic materials and poly-
mers. Both microscopes rely on the correction of chromatic and spheri-
cal aberrations using a hyperbolic electron mirror, which was pioneered 
by Rempfer and co-workers (1997). Here, we will focus on the electron 
optical system of the aberration-corrected PEEM-3 experiment, although 
many aspects of the two aberration-corrected microscopes are similar 
and are based on the Rose design.

Figure 9–15 shows a schematic overview of the electron optics of 
PEEM-3. The electrons travel through the microscope along the dashed 
lines. The objective lens, together with the fi eld lens, forms a telescopic 
round lens system. This allows the mirror to run in the so-called sym-
metric mode in which fi rst-order chromatic distortion and third-order 
coma vanish and curvature of fi eld effect is reduced (Rose and 
Preikszas, 1992). A set of two electric dodecapoles steers the beam into 
the magnetic separator and corrects astigmatism. For a single defl ection 
of 90°, the beam separator images its entrance plane 1 : 1 onto its exit 
plane, without introducing aberrations of second order or dispersion of 
the fi rst or second degree. The electron mirror images the mirror-side 
exit plane of the beam separator back onto itself. To cancel coma gener-
ated by the mirror, the magnifi cation of the mirror is chosen to be −1 
(Wan et al., 2004). The separator then transfers the aberration-corrected 
image to the projector optics, which magnify the image. A pair of elec-
tromagnetic dodecapoles in the mirror arm steers the beam into the 
mirror and back into the separator. A CCD camera behind the mirror is 
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used as a diagnostic to test and optimize the objective lens and the fi rst 
half of the beam separator. In this operation mode, the mirror acts as a 
unipotential lens and the electron beam passes though a 500-µm hole 
in the refl ecting electrode.

The PEEM-3 electron mirror has four rotationally symmetric elec-
trodes, and the refl ecting electrode is a segment of a sphere with a radius 
of 5.6 mm. The inner electrode is held at ground voltage, while the poten-
tials of the other electrodes provide three free knobs to set the focal 
length, the chromatic aberration correction, and the spherical aberration 
correction of the mirror. Figure 9–16 shows the equipotential distribu-
tion and correction region of the mirror. This region is suffi ciently large 
to correct the microscope aberrations in various modes of operation.

4.3 The Beam Separator

The task of the magnetic beam separator is to separate the aberration-
corrected beam leaving the mirror from the beam that enters the mirror. 
A separator with very small aberrations is critical for the performance 
of an aberration-corrected PEEM microscope. Two different separator 
designs have been considered and are currently being implement. The 
SMART microscope uses a triple-bend achromat optic in each of the 
four sectors of the separator magnet, which has a side length of 280 mm. 
The route to this type of separator was fi rst identifi ed by Rose and 
Preikszas77 and further developed in the work of Müller et al. (1999) 
and Wu et al. (2004). The design uses a highly symmetric beam path 
to cancel a maximum number of aberrations. It is very compact but 

Figure 9–15. Layout of the aberration-corrected PEEM-3 at the Advanced Light Source. An electron 
mirror is used as an aberration corrector.
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Figure 9–17. Schematic layout and principal rays in the x–z (top) and y–z (bottom) plane of one 90° 
sector of the PEEM-3 separator. Two 90° bends transport the beam into the mirror and back to the 
projector optics. One dipole (DI), two round lenses (RL), and four quadrupoles (EQ) are used.

Figure 9–16. Aberration correction by a tetrode electron mirror. Left panel, equipotential contours. 
Right panel, aberration region that can be corrected by the mirror.

poses high demands on tolerances, and on mechanical and electrical 
stability (Hartel et al., 2002).

Figure 9–17 shows the 90° beam separator that will be used in the 
Advanced Light Source PEEM-3. The separator consists of three round 



 Chapter 9 Photoemission Electron Microscopy (PEEM) 677

lenses, one dipole magnet, and six electrostatic quadrupoles. Round 
lenses are chosen to be the main focusing optics. Weak electrostatic 
quadrupoles are used to form a stigmatic image after each 90° bend. 
Each 90° bend is mirror symmetric about the center and acts as a tele-
scope in the x–z and the y–z plane. The linear dispersion and the 
second-order axial aberrations, which are not corrected within each 90° 
bend, cancel to zero after the second pass through the separator, 
because of the negative unity magnifi cation of the mirror. Calculations 
show that the chromatic and spherical aberrations of PEEM-3 and the 
SMART separator are of the same order (Wan et al., in preparation). 
The PEEM-3 beam separator uses electrostatic lenses instead of fringe 
fi elds for image focusing and is robust regarding the details of the 
magnetic fi eld in the separator. A simple dipole magnet can be used, 
and the demands on the power supply stability and mechanical toler-
ances are relatively low.

4.4 Resolution and Transmission of an 
Aberration-Corrected PEEM

Aberration correction signifi cantly improves both the spatial resolution 
and the transmission. The resolution of PEEM-3 was modeled in a way 
similar as that of PEEM-2. An ensemble of electrons with different 
initial energy and emission angles was sent through a model of the 
electron optics, intensity weighted with the probability of each emission 
energy and angle. The diffraction effect was calculated for each electron 
in the ensemble and the result was summed up to yield the point-spread 
function. The resolution was defi ned as the distance between the 15th 
percentile and 85th percentile of the point-spread function. The resolu-
tion and transmission of PEEM-3 are shown in Figure 9–18 in compari-
son with the uncorrected PEEM-2 (Feng et al., 2004). PEEM-3 is designed 
to have two main operation modes, a high-esolution mode and a high-
fl ux mode. Operating at 20 kV and 2 mm working distance, the resolu-

Figure 9–18. Comparison of calculated resolution versus transmission of the 
Advanced Light Source PEEM-2 and PEEM-3. The acceleration potential is 
20 kV and the sample–lens distance is 2 mm.
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tion for 100% transmission (no aperture used) reaches 50 nm using the 
mirror corrector, a signifi cant improvement over PEEM-2, which reaches 
only 440 nm. Using a small aperture the optimum resolution will be 
5 nm at 2% transmission, as opposed to 20 nm at 1% transmission for 
PEEM-2. For any chosen spatial resolution, a signifi cantly larger aper-
ture can be used, resulting in a large increase in effi ciency over PEEM-2. 
An aberration-corrected X-PEEM such PEEM-3 will have signifi cantly 
improved ultimate resolution and transmission, key attributes for the 
imaging of nanostructures (Bauer, 2001a, 2001b).

5 Application: Magnetic Domain Imaging

Magnetic materials have applications in key areas of information tech-
nology, mainly because of low cost and nonvolatility, the ability to 
retain information without a power source. Magnetic hard disks are 
the dominant technology in data storage. New applications for mag-
netic materials emerge when magnetic and electronic properties are 
concurrently utilized (Wolf et al., 2001), for example, in magnetic 
random access memory (MRAM) chips. Magnetic storage technology 
relies on structures with lateral dimensions of well below 1 µm2. The 
storage density on commercial hard disks in 2004 was about 60 Gbit/
in2, corresponding to an area of 0.01 µm2 per bit. At a typical bit aspect 
ratio of about 10 : 1 this corresponds to a bit length of 30 nm and a track 
width (or bit width) of 300 nm. In demonstrations and in some products 
even smaller dimensions have been reached. Progress in device devel-
opment, and also in the fundamental understanding of the properties 
of magnetic material, depends on our ability to characterize magnetic 
materials on a nanoscale.

5.1 Magnetic Circular and Linear Dichroism

X-ray magnetic circular dichroism (XMCD) is a standard method to 
study magnetic thin fi lms and surfaces (Rortright et al., 1999). The wide 
availability of polarized and tunable X-rays from synchrotron sources 
has played an important role in the success of X-ray dichroism tech-
niques. In the past 15 years there has been great progress following the 
fi rst XMCD spectroscopy measurements at the important transition 
metal L edges in 1987 by Schütz et al. (1987), the fi rst imaging of ferro-
magnetic domains in 1993 by Stöhr et al. (1993), and the fi rst imaging of 
antiferromagnetic domains by Stöhr et al. (1999) and Scholl et al. (2000).

Circularly polarized X-rays measure the direction of the atomic mag-
netic moment of a ferromagnet relative to the polarization vector of the 
X-rays. In the presence of spin orbit interaction the photon angular 
momentum is transferred to the angular momentum of the photoex-
cited electron, in particular the electron spin, which senses the differ-
ent density of empty states in each spin channel. An imbalance of the 
occupation of the majority and minority states is characteristic for a 
ferromagnet. Strong XMCD effects (up to 40%) appear at the L edges 
(2p → 3d transition) of the transition metal ferromagnets Fe, Co, and 
Ni, since the d states carry most of the magnetic moment. The XMCD 
spectrum is defi ned as the difference spectrum of two absorption 
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spectra acquired with either opposite polarization or opposite magne-
tization. The XMCD effect is opposite in sign at the L3 and L2 edge 
because of the opposite sign of the spin-orbit coupling in the 2p states: 
l + s for 2p3/2, and l − s for 2p1/2. The different coupling gives rise to a 
unique feature of XMCD, its ability to separate spin and orbital moment. 
The spin momentum is proportional to the difference of the integrated 
XMCD intensity at the L3 and the L2 edge and the orbital momentum 
is proportional to the sum. Sum rules have been developed that are 
used to quantitatively determine the spin and orbital magnetic moment 
per atom (Thole et al., 1992; Wu et al., 1992; Carra et al., 1993). The angle 
and magnetization dependence of XMCD in the total absorption signal 
is approximately given by IXMCD ∼ cos α〈M〉T, with α denoting the angle 
between the X-ray helicity vector Ε (parallel to the X-ray propagation 
direction) and the magnetization Μ. Figure 9–19 shows X-ray absorp-
tion spectra of a Co fi lm, which was magnetized parallel (solid line) 
and antiparallel (dotted line) to the X-ray polarization. The spectra 
were obtained by measuring the drain current on the sample using a 
sensitive picoammeter. The drain current is also called total electron 
yield (TEY) because it is equal to the total number of electrons that 
leave the sample in response to the photoexcitation. In the lower part 
of Figure 9–19, the XMCD difference spectrum is shown.

Linearly polarized X-rays probe the anisotropy of the electronic and 
magnetic structure and are particularly useful for the study of antifer-
romagnets, which do not possess a macroscopic ferromagnetic moment. 
In an antiferromagnet with a collinear magnetic structure, linearly 
polarized X-rays distinguish between a linear polarization vector 

Figure 9–19. Co X-ray magnetic circular dichroism (XMCD) spectra acquired 
for a magnetization M parallel (dotted line) and antiparallel (solid line) to the 
X-ray polarization σ. At the bottom the difference spectrum is shown.
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aligned with the magnetic spin axis and a linear polarization vector 
perpendicular to the magnetic spin axis (Ruiper et al., 1993; Alders et 
al., 1998; Lüning et al., 2003). In transition metal oxides, such as NiO, 
CoO, Fe2O3, Fe3O4, LaFeO3, and others, an X-ray magnetic linear dichro-
ism (XMLD) of up to 10% has been observed. Linearly polarized X-rays 
probe the angle α between the linear X-ray polarization vector Ε and 
the orientation of the magnetization axis A:. The angle and magnetiza-
tion dependence of the XMLD intensity is approximately given by IXMLD 
∼ (1 − 3 cos2 α)〈M2〉T. Here 〈M2〉T is the statistical average of the squared 
moment at the temperature T.

5.2 Imaging of Ferromagnetic Domains

A subtle balance of energies in a magnetic material causes the formation 
of magnetic domains. Contributions to the total energy are the exchange 
energy, the magnetic anisotropy, and the dipolar energy. Dipolar fi elds 
are the driving force behind domain creation. Domains minimize the 
magnetic stray fi eld leaving the sample and therefore minimize the 
dipolar energy. Exchange and anisotropy fi elds resist domain formation 
because they usually favor aligned spins. In magnetic thin fi lms inter-
face effects such as interface exchange coupling, interlayer coupling, and 
interface anisotropy alter this delicate balance and lead to new magnetic 
phases. Transitions between different magnetic phases occur as a func-
tion of fi lm thickness, interlayer thickness, magnetic fi eld, and tempera-
ture, and are extensively studied because of the interesting physics 
underlying the often complex phase diagrams. High-resolution mag-
netic imaging is an important tool to study magnetic domains and phase 
transitions. X-ray techniques are especially powerful because they allow 
us to separate the magnetic state of individual layers in a multilayer, 
using element-specifi c imaging. For a review of domain imaging using 
X-PEEM see Schneider and Schönhense (2002).

As an example, the in- versus out-of-plane transition of a thin face-
centered cubic (fcc) Fe fi lm on a fi ve-monolayer Ni/Cu(001) substrate 
is visualized in Figure 9–20 (Wu et al., 2004). The Ni layer produced 
an in-plane exchange fi eld that lowered the critical thickness at which 
the Fe spin reorientation occurred to about 2.6 monolayers. The experi-
ments were conducted on an Fe wedge, which was grown under ultra-
high-vacuum (UHV) conditions. The shown images were acquired in 
the transition region of in- and out-of-plane magnetization. XMCD 
images were obtained by dividing a PEEM image taken at the Fe L3 
edge by an image taken at the L2 edge. Since the magnetic dichroism 
has an opposite sign at these edges, the procedure enhanced the mag-
netic contrast and suppressed nonmagnet effects. Below the transition 
thickness, stripe domains formed, which had an out-of-plane magne-
tization. Approaching the transition, these domains shrank in size. 
Large in-plane domains appeared above the transition thickness. The 
experimentally observed thickness dependence of the stripe domain 
width could be explained within a theoretical model that took into 
account the exchange interaction, the anisotropy, the dipolar fi eld, and 
the virtual fi eld created by the Ni layer (Wu et al., 2004).
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5.3 Imaging of Antiferromagnetic Domains

Antiferromagnetism is a material property that occurs in important 
material classes: in transition metal oxides, for example, Ni oxide, Co 
oxide, and Mn oxides, as well as in metallic alloys, for example, Mn 
alloys. The unidirection al exchange coupling at the interface between 
an antiferromagnet and a ferromagnet has found particular attention, 
called exchange bias (Meiklejohn and Bean, 1956; Kiwi, 2001; 
Berkowitz and Takano, 1999; Nogues and Schuller, 1999). Exchange 
bias leads to a pinning of the magnetization of the ferromagnet after 
annealing of the antiferromagnet/ferromagnet structure in a magnetic 
fi eld. It has found application in technology where it is used to pin the 
magnetization of a ferromagnetic reference layer in devices that are 
used as magnetic fi eld sensors, e.g., in hard disk read heads. X-ray 
spectroscopy and X-ray microscopy have been instrumental in study-
ing and understanding the microscopic magnetic structure of such 
ferromagnet/antiferromagnet interfaces, because of the sensitivity of 
X-ray spectroscopy and microscopy to antiferromagnetic order (Stöhr 
et al., 1999; Scholl et al., 2000, 2001, 2004a, 2004b; Ohldag et al., 2001a, 
2001b, 2003; Kuch et al., 2002; Offi  et al., 2003a, 2003b, 2004).

LaFeO3 is an antiferromagnet with a bulk Néel temperature of 
740 K. Figure 9–21 shows local X-ray absorption spectra and images 
acquired using X-PEEM of an epitaxially grown 40-nm LaFeO3 fi lm 
on an SrTiO3(001) substrate (Scholl et al., 2000). The spectra were 
acquired using linearly polarized X-rays. XMLD effect is visible at the 
L3/2 edges and appears as a variation in the L edge fi ne structure. 
Images acquired at energy positions labeled A and B in the spectrum 
show a dark–bright contrast that due to antiferromagnetic domains 
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Figure 9–20. (a) Fe stripe domain structure in Fe/Ni/Cu(001) at the spin 
reorientation transition from an out-of-plane magnetization for small Fe thick-
ness to an in-plane magnetization for larger thickness. (b) Magnifi cation of 
the transition region. (c) Domain size as a function of Fe thickness. [Reprinted 
with permission from Wu et al. (2004). Copyright 2004 by the American Physi-
cal Society.]
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that are less than 1 µm in size. The image contrast is the result of the 
different angle between the X-ray polarization and the antiferromag-
netic axis in each domain. The ratio image or XMLD image pB/A shows 
the domains with improved contrast. The spectra were determined 
from a sequence of images, an image stack, acquired as a function of 
the energy of the incident X-rays. Local spectra were then calculated 
within single domains by plotting the local image intensity as a func-
tion of the energy at which the image was taken.

To prove that the perceived image contrast had a magnetic origin, 
the antiferromagnetic ordering transition was studied by acquiring 
temperature-dependent domain images (Scholl et al., 2000). A reduced 
ordering, or Néel, temperature of 670 K was observed in the fi lm, com-
pared to a bulk Néel temperature of 740 K (Figure 9–22). The domain 
contrast was compared with a fi t function ∼〈M2〉T, which was estimated 
using mean fi eld theory. The good match between fi t and measurement 
demonstrated that the antiferromagnetic ordering transition in a thin 
fi lm could be described in the mean fi eld approximation.

The exchange coupling and exchange bias at the interface between a 
ferromagnet and an antiferromagnet has been attributed to uncompen-
sated spins at the surface of the antiferromagnet (Takano et al., 1997). 
This conjecture was not directly proven until surface- and interface-
sensitive X-ray microscopy techniques such as X-PEEM became avail-
able. Figure 9–23 shows magnetic domain images of a Co/NiO(001) 
sample, measured using circular polarization (Ohldag et al., 2001; 2003). 
The Co fi lm was grown by e-beam evaporation in UHV on a freshly 
cleaved and in situ-annealed NiO(001) single crystal. Because of the 
surface sensitivity of PEEM, most of the signal in the images originated 
from the thin ferromagnet fi lm and the surface region of the antiferro-
magnet. The Ni moment could be separated from the much larger Co 
moment, because of the element specifi city of the method. The top 

Figure 9–21. X-ray absorption spectra and images of micron-sized antiferro-
magnetic domains in an LaFeO3 thin fi lm. The spectra were measured in single 
domains and show X-ray magnetic linear dichroism at the L resonances. The 
images were acquired at energies labeled A and B. Image pB/A is the ratio image.
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Figure 9–22. Magnetic contrast in LaFeO3 as a function of temperature. The 
data of the phase transition are compared with a mean fi eld calculation. 
[Reprinted with permission from Scholl et al. (2000). Copyright 2000 by 
AAAS/Science.]

Figure 9–23. Magnetic domain images of Co (top layer, ferromagnetic), NiO 
(bottom layer, antiferromagnetic), and NiO interface layer (center layer, 
ferromagnetic).
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image was acquired using circular polarization at the Co edge and 
shows ferromagnetic domains, which were aligned domain-by-domain 
with NiO antiferromagnetic domains (bottom image). The center image 
was acquired at the Ni edge using circular polarization and shows the 
small ferromagnetic moment of the Ni interface layer, which mediated 
the coupling between the NiO antiferomagnet and the Co ferromagnet. 
The moment was estimated to be close to the moment of one monolayer. 
Spectroscopy studies of the chemistry of the interface layer showed that 
the uncompensated spins were a result of a chemical reaction at the 
interface, which led to a partial oxidization of the Co and a reduction 
of the surface of the NiO.111

Similar results were obtained on Co/LaFeO3/SrTiO3(001) (Nolting et 
al., 2000). The interface coupling led to a uniaxial interface anisotropy 
and a correlation of the antiferromagnetic and ferromagnetic domains. 
Furthermore, a unidirectional anisotropy or bias was observed locally in 
single Co domains. This local bias averaged out to zero over a large area 
but reached signifi cant values in single, small domains. Remanent mag-
netization loops of single domains showed a different switching fi eld 
for opposite directions of the applied fi eld pulse (Figure 9–24). The 

Figure 9–24. Magnetization reversal of Co/LaFeO3 imaged using XMCD. A 
local bias exists in single domains (hysteresis loops a and b). Integrated over 
a larger sample area the bias vanishes. [Reprinted with permission from 
Nolting et al. (2000).100 Copyright 2000 by Nature Publishing Group.]
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remanent loops were acquired by detecting the XMCD intensity in a 
single domain as a function of the strength of the pulsed fi eld. Selected 
images of a full loop (about 30–40 images) are shown in Figure 9–24. 
After applying a fi eld pulse in the +y direction, dark regions that were 
magnetized into the −y direction switched into the +y direction and 
became bright. Gray domains were magnetized in the ±x direction and 
did not switch, held by the uniaxial anisotropy induced by the anti-
ferromagnet. Below, remanent loops of two selected domains, marked in 
the domain pictures, are plotted. The local bias appears as a horizontal 
shift of the magnetization loop. The local bias reached values of up to 
30 Oe. Also shown is a loop averaged over a large area that shows no 
macroscopic bias. The intensity of the loop is only half the intensity of the 
local loops because it averaged over ±y domains, which switched, and ±x 
domains, which did not switch. A statistical analysis of the local switch-
ing fi eld demonstrated that the average value of the local bias increased 
linearly with decreasing inverse domain diameter (Scholl et al., 2004b).

5.4 Linear Dichroism Imaging of Ferromagnets

XMLD was also observed in experiments on ferromagnetic metals 
(Schwickert et al., 1998). Since linear dichroism is a quadratic effect 
with a 180° periodicity it allows us to distinguish between domains, 
which have a 90° rotated magnetization, in contrast to XMCD, which 
also distinguishes 180° domains. As an example PEEM images acquired 
with X-PEEM of an Fe/NiO(001) sample are shown (Figure 9–25). The 

Figure 9–25. X-Ray magnetic circular dichroism (left) and linear dichroism 
(right) imaging of ferromagnetic Fe domains. Images were acquired at room 
temperature (bottom) and at the Néel temperature of the NiO substrate (top).
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images in the left column were acquired using conventional XMCD at 
the Fe L3/2 edges; the right column shows the corresponding XMLD 
images, acquired at the left and right side of the Fe L2 edge using lin-
early polarized X-rays. In the XMCD image domains appear in three 
colors, white, black, and gray, corresponding to domains with a mag-
netization pointing up, down, or left–right; the last are not distin-
guished. In the XMLD image only two colors appear and domains with 
a magnetization pointing up or down are not distinguished. The 
images in the bottom row were acquired at room temperature, and the 
domain structure is a result of exchange coupling to the antiferromag-
netic NiO(001) substrate, which forces the magnetization in the Fe layer 
along the four in-plane <110> directions. When the sample is heated 
above the Néel temperature of NiO (523 K) the coupling vanishes and 
only two Fe domains remain (up and down). Arrows indicate the local 
magnetization direction. The XMLD image acquired at elevated tem-
perature shows contrast from Néel-type domain walls (dark lines at 
the boundary between 180° domains).

6 Time-Resolved Microscopy

6.1 Introduction

Time-resolved X-ray microscopy of magnetization dynamics, although 
still in its infancy, has made great progress over the past years. Storage 
rings produce X-ray pulses, which are typically between 30 and 100 ps 
long. Already with picosecond pulses interesting magnetic processes 
can be studied: magnetostatic modes, magnetization precession, and 
magnetic switching (Vogel et al., 2003; Stoll et al., 2004; Choe et al., 
2004; Schneider et al., 2004). On a fundamental level, magnetization 
and spin dynamics have become increasingly i mportant in the fi eld of 
spin electronics, because the generation, transport, and decay of a spin 
polarization are important steps in the function of a spin-electronic 
device. The fl ow of energy and angular momentum in a magnetic 
material in response to an external excitation are therefore in the focus 
of current research (Wolf et al., 2001).

X-Ray dichroism techniques have qualities that make them extremely 
valuable for the study of magnetization dynamics. Besides elemental 
and chemical specifi city, the XMCD sum rules allow us to disentangle 
and quantify spin and orbital momentum in each component of a 
multielement system. The sensitivity to both ferro- and antiferromag-
netic order is particularly useful in magnetic oxides, which can be in 
either magnetic state, depending on composition or temperature. High 
spatial resolution is important for the investigation of nanoscale devices. 
In a stroboscopic, or a pump-probe experiment using X-rays, the 
response of the sample to an excitation (pump) pulse occurring at a 
time t0 is measured after a variable delay time ∆t (Figure 9–26). X-Ray 
pulses of current synchrotron radiation sources do not contain a suffi -
cient number of photons for a single shot experiment. Therefore, the 
experiment has to be repeated at high frequency, the repetition fre-
quency of the X-ray and the excitation pulse, typically many kilohertz 
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or megahertz. The signal is accumulated on the CCD detector over 
millions of cycles and then read out. The time evolution of the event is 
measured by varying the delay ∆t between pump and probe pulse. 
Because of the signal averaging, only the repetitive or periodic compo-
nent of the dynamics of the system is measured. Stochastic events 
cannot be measured by stroboscopic techniques. The limitation to 
repeatable dynamics is a lesser constraint in mesoscopic magnetic 
systems, in which the trajectory of the magnetization is simple and 
often unique. In the following, experiments of the vortex dynamics in 
small CoFe patterns will be summarized.

6.2 Experimental Setup

We will describe a technique developed at the Advanced Light Source 
PEEM-2 (Choe et al., 2004a, 2004b). Similar techniques were developed 
in other groups using electronic pulsers to produce fast electrical 
pulses in a waveguide, a high bandwidth circuit (Voget et al., 2003; 
Stoll et al., 2004; Schneider et al., 2004). At the Advanced Light Source, 
optically triggered photoconductive switches were used for the pulse 
generation. The photoconductive switches were triggered by a femto-
second laser, synchronized to the X-ray source at a frequency of 
125 MHz, producing current pulses with very short rise time. An inter-
digited, fi nger-like switch structure maximized the current. Lithogra-
phy techniques were used to integrate switch, waveguide, and magnetic 
structure on the GaAs substrate. The magnetic structures were placed 
on top or next to the waveguide in the magnetic fi eld of the current 
pulse. The dynamics of the structures were then monitored by X-
PEEM. A schematic drawing of sample and experiment is shown in 
Figure 9–27 (Choe et al., 2004c).

6.3 In Situ Measurement of the Field Pulse

The electrical potential difference between the waveguide and the sur-
rounding ground plane during the fi eld pulse caused a defl ection of 
the X-ray emitted electrons. The defl ection of the electrons led to an 
expansion or breathing of the PEEM image during the pulse. Figure 
9–28 (left) shows narrow slices cut from PEEM images of the wave-
guide and assembled in a new image and ordered by delay time. The 
measured expansion is proportional to the time-dependent potential 

Figure 9–26. Pulse sequence in a laser-synchrotron pump-probe experiment. 
A fast optical laser pulse excites the sample (pump) and an X-ray pulse probes 
the dynamic after a variable delay ∆t.
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of the waveguide, and, assuming a resistive load, the current is pro-
portional to that potential. It can be determined quantitatively since 
the average current drawn by the switch is known. To the right of 
Figure 9–28, the thus estimated current and the strength of the fi eld 
pulse are plotted, showing a fast, rising edge, and a slower exponential 
decay, modulated by a small-amplitude ringing, due to an imperfect 
impedance match and refl ections at the switch and the ground connec-
tion. The maximum current at 15 V bias was about 200 mA, which cor-
responded to a peak fi eld of 13 mT (130 Oe).

6.4 Vortex Dynamics

Figure 9–29 shows a time sequence of PEEM XMCD images of a 
2.5-µm-wide and 20-nm-thick triangular, soft-magnetic FeCo struc-
ture. The original images and images that were processed using a 
gradient fi lter are shown. The fi lter enhances intensity gradients, e.g., 
from domain walls. It was observed that the center of the magnetic 
vortex, a curling magnetization, which is the ground state of the trian-
gular pattern, rotated on a spiraling or gyrotropic trajectory around 

Figure 9–27. Layout of the time-resolved PEEM-2 at the Advanced Light 
Source experiment. The laser triggers a biased photoconductive GaAs switch 
and generates a fi eld pulse in a waveguide. The PEEM images the local dynam-
ics of the sample using an X-ray probe pulse. [Reprinted with permission from 
Choe et al. (2004a). Copyright 2004 by AAAS/Science.]

Figure 9–28. Expansion of the waveguide image caused by the pulsed current 
fl owing through the circuit. A pulse with a fast rising edge and less than 500 ps 
length was recorded. [Reprinted with permission from Choe et al. (2004c). 
Copyright 2004 by the American Institute of Physics.]
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the pattern center. This rotation of the vortex center occurred at a fre-
quency of 125 MHz, commensurate with the repetition rate of the pump 
laser and the fi eld pulse. The vortex dynamics were quantitatively 
studied on a variety of patterns, using a particular advantage of full-
fi eld imaging techniques: the ability to study the dynamics of a large 
area in parallel. The vortex dynamics were analyzed in detail on four 
rectangular structures, which contained a single vortex (Choe et al., 
2004a). Domain images and trajectories of the vortex center are shown 
in Figure 9–30. In all patterns a gyrotropic rotation was observed 
within the observation range of 8 ns, limited by the time gap between 
consecutive fi eld pulses. The trajectories showed an initial acceleration 
parallel to the fi eld pulse (blue arrow) and, subsequently, a gyrotropic 
rotation of the vortex center around the center of the magnetic struc-
ture. Interestingly, when the trajectories of patterns II and III were 
compared, different acceleration directions and rotation senses were 
observed in two patterns, which had identical in-plane domain struc-
tures. This was the result of a hidden parameter in the system: the 
magnetization in the center of the vortex, called the vortex core. Earlier 
microscopic studies observed that the vortex core contained a nanome-
ter-sized region, in which the magnetization rotated out of the plane.118 
The time-resolved PEEM study found that the vortex core magnetiza-
tion is responsible for a handedness or chirality in the vortex pattern, 
which governed the fi eld response and picosecond dynamics of the 
system. It was observed that a left-handed vortex accelerated parallel 
to an applied fi eld, whereas a right-handed vortex accelerated opposite 

Figure 9–29. Vortex dynamics in a triangular FeCo structure after an in-plane 
fi eld pulse at t = 0. Gradient images are shown next to the XMCD images, 
showing domain walls with enhanced contrast.
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to the fi eld, explaining the observed, opposite rotation sense in two 
patterns with identical in-plane domain structures but opposite core 
magnetization. The availability of high-resolution microscopy was 
essential for the real-space study of the vortex rotation, because of the 
small amplitude of the vortex motion (∼100 nm).

7 Conclusion

X-PEEM as a hybrid technique stands between the worlds of electron 
microscopy, from which it inherits its high spatial resolution, and of 
X-ray spectroscopy with its sensitivity to the electronic, chemical, and 
magnetic structure of solids. It excels at chemical and magnetic imaging 
of thin fi lms and surfaces, because of its surface sensitivity and its 
sensitivity to the chemical environment and magnetic structure. Fast 
dynamics on a picosecond time scale can be measured in pump-probe 
style using the short and intense X-ray pulses of modern synchrotron 
sources. New, faster X-ray sources and detection schemes are at the 
brink of being realized and promise even better temporal resolution. 

Figure 9–30. Top: Domain images of the in-plane magnetization of Pattern I (1 × 1 µm2), Patterns II 
and III (1.5 × 1 µm2), and Pattern IV (2 × 1 µm2), taken at the specifi ed delay times after the fi eld pulse. 
The images are part of a time series extending over 8 ns and were chosen so that the horizontal dis-
placement of the vortex has maximum amplitude. Hands illustrate the vortex handedness and the 
out-of-plane core magnetization as determined from the vortex dynamics. Middle: Trajectories of the 
vortex core. The dots represent sequential vortex positions (100 ps step). Bottom: Spin structure of a 
left-handed (left side) and a right-handed (right side) square vortex. Red arrows represent the preces-
sional torque generated by the external magnetic fi eld (purple arrow). [Reprinted with permission 
from Choe et al. (2004a). Copyright 2004 by AAAS/Science.]
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New schemes of aberration correction, employing electron mirrors, 
will soon push down the resolution from a current 20–50 nm to only a 
few nanometers, opening the door to many exciting applications in the 
fi eld of nanoscience.
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10
Aberration Correction
Peter W. Hawkes

1 Introduction

It has been known since the early days of electron optics that the rota-
tionally symmetric lenses employed in electron microscopes and 
similar instruments suffer from severe aberrations that cannot be 
eliminated by skillful lens design (Scherzer, 1936). Immense effort has 
been devoted to fi nding lenses with small aberrations and devising 
aberration correctors. The original demonstration that the two most 
important aberrations, spherical and chromatic, cannot be eliminated 
required that several conditions be satisfi ed and, by relaxing one or 
the other of these conditions, correctors can be designed. A near-
exhaustive list was published by Scherzer (1947) and reviews charting 
trends in thinking about aberration correction and progress in imple-
menting correctors are to be found in Septier (1966), Hawkes (1980), 
and Hawkes and Kasper (1989). These contain very full accounts of 
earlier attempts to correct aberrations with extensive reference lists and 
the material presented there is not always reproduced here. In particu-
lar, a survey of attempts to build apochromats and aplanatic lenses by 
H. Rose and colleagues in Darmstadt is to be found in the article by 
Hawkes (1980).

The types of corrector that seem most promising today are examined 
below but fi rst, we describe the various kinds of aberration and explain 
why they are important. We then look more closely at the aberration 
coeffi cients themselves, which leads naturally to a study of the 
correctors.

Some familiarity with basic electron optics is assumed here. In par-
ticular, the reader is expected to be acquainted with the paraxial prop-
erties of lenses and the cardinal elements that characterize them. The 
Handbook of Charged Particle Optics edited by J. Orloff (1997) is recom-
mended for readers who wish to brush up their knowledge of electron 
lenses, notably the chapters by Munro, Tsuno, Lencová, and Hawkes. 
For very full accounts, see Hawkes and Kasper (1989) and Rose 
(2008).
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2 Types of Aberration

Lens aberrations are of three kinds: geometric aberrations, chromatic 
aberrations, and parasitic aberrations

2.1 Geometric Aberrations

An ideal lens would provide point-to-point mapping of the structure 
of an object into an image and such imaging is indeed predicted by 
the simplest approximate description of the effect of a lens on an elec-
tron beam, the paraxial approximation. This is valid provided that the 
electrons remain close to the optic axis (the axis of symmetry in the 
case of a round lens) and that the electron trajectory remains inclined 
at a small angle to this axis. When the electrons depart too far from 
the axis or the trajectories are inclined at a steeper angle, the paraxial 
approximation is perturbed by geometric aberrations.

In the paraxial approximation, electrons (of charge −e and rest 
mass m0 ) satisfy the linear, homogeneous, second-order differential 
equation

 (1)

with an identical equation for y(z), in which φ(z) is the axial electro-
static potential and B(z) is the magnetic induction on the optic axis, 
which coincides with the coordinate axis z. Primes denote differentia-
tion with respect to z. The fi eld and potential expansions are given in 
Appendix I; for derivations of these, see Hawkes and Kasper (1989, 
Chapter 7). Since the chapter by Rose in High-Resolution Imaging and 
Spectrometry of Materials edited by F. Ernst and M. Rühle is a very rele-
vant reference (Rose, 2002c) to much of the material presented here, the 
relation between his notation and that adopted here is also given. The 
relativistically corrected potential φ̂ is given by

 φ̂ = φ(1 + εφ) (2)

where ε = e/2m0c2 ≈ 0.1 MV−1; γ = 1 + 2εφ and η = (e/2 m0)1/2 ≈ 3 × 
105 C1/2 kg−1/2. The distances x(z) and y(z) are the rotating coordinates 
routinely employed in the study of round magnetic lenses.

Such differential equations have the general solution

 x(z) = Ax1(z) + Bx2(z)

where x1(z) and x2(z) are linearly independent solutions of Eq. (1) and 
A, B are constants. It is frequently convenient to choose for x1(z) and 
x2(z) the solutions g(z) and h(z) that satisfy the boundary conditions

 g(zo) = h′(zo) = 1 (3)
 g′(zo) = h(zo) = 0

where zo is the object plane, whereupon we have

 x(z) = xog(z) + x′oh(z) (4)
 y(z) = yog(z) + y′oh(z)

d
dz

ˆ φ 1/ 2 ′ x ( )+ γ ′ ′ φ + η2B2

4 ˆ φ 1/ 2 x = 0 
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The cardinal elements of the lens, its focal lengths and the positions of 
its focal planes and principal planes, are defi ned with the aid of the 
rays g(z) and h(z). It is convenient to write u = x + iy and it can readily 
be shown that
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If u is proportional to uo for all values of the gradient u′o, the matrix 
element T12 vanishes. The plane z is then said to be conjugate to zo and 
we write z = zi. The matrix equation then collapses to
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(6)

Here, M denotes the magnifi cation, g(zi) = M, fo and fi are the object and 
image focal lengths, and zFo and zFi are the object and image foci. (For 
more details of paraxial optics, see Chapters 16 and 17 of Hawkes and 
Kasper, 1989.) In the case of purely magnetic round lenses, fo = fi and 
we denote the focal length by f.

The next higher approximation includes terms of third order in uo 
and u′o. Systems with a straight optic axis have no second-order terms 
and the rotational symmetry about the optic axis restricts the permit-
ted third-order terms to the following:

  

(7)

The spherical aberration term is of particular concern since it does 
not vanish or even dwindle for object points close to or on the axis. 
This is the region that is imaged in high-resolution operation. We 
examine this aberration closely in a later section. The other terms are 
of decreasing interest for objective or probe-forming lenses and, 
moreover, the coma (next in importance after the spherical aberration) 
can be avoided. Lenses have a “coma-free plane,” the exact position 
of which is determined by the relative magnitudes of the spherical 
aberration and coma coeffi cients. In practice, for magnetic lenses, it 
falls within the lens fi eld, upstream from the image focus (the “diffrac-
tion plane”). Specifi cally, let us suppose that the aberrations are 
expressed in terms of ray position in the object plane, z = zo and 
some aperture plane, z = za. The paraxial solutions appearing in 
the aberration integrals will then be s(z) and t(z), which satisfy the 
conditions
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 s(zo) = t(za) = 1 (8)
 s(za) = t(zo) = 0

If another aperture position is selected, z = z̄a, the aberration coeffi cients 
will have exactly the same structure but the appropriate paraxial solu-
tions will now be s̄(z) and t̄(z),

 s̄(zo) = t̄(z̄a) = 1 (9)
 s̄(z̄a) = t̄(zo) = 0

Since there can be only two linearly independent paraxial solutions, 
we must be able to write

 s̄(z) = αs(z) + βt(z) (10)
 t̄(z) = γs(z) + δt(z)

and obviously α = 1 and γ = 0; for β and δ, we have

 β = −s(z̄a)/t(z̄a) (11) δ = 1/t(z̄a)

It is then easy to show that the coma coeffi cient for z = z̄a, K(z̄a), is related 
to that for z = za, K(za), as follows:

 K(z̄a) ∝ K(za) + βCs(za) (12)

The coma-free point is thus situated at the point for which

 s z
t z

K z
C z

( )
( )

( )
( )

a

a

a

s a

=  (13)

The distortion can be important in projector lenses, in which the tra-
jectories may be relatively far from the axis while the gradient will be 
very small at high magnifi cation. Astigmatism and fi eld curvature are 
mainly of importance in devices in which the size of the fi eld is a major 
preoccupation, such as lithography.

For quadrupoles, the situation is slightly more complicated. A quad-
rupole usually consists of four electrodes or four magnetic poles, 
though many other confi gurations that create quadrupole fi elds exist 
(see, for example, Hawkes, 1970 or Baranova and Yavor, 1989). For con-
venience, we assume throughout that the quadrupole is disposed in 
such a way that the converging and diverging planes coincide with the 
x–z and y–z planes (Figure 10–1). The paraxial properties of the quad-
rupole are then characterized by equations of motion for x(z) and y(z) 
that are uncoupled but no longer identical. They are again linear, 
homogeneous, second-order differential equations and hence have 
solutions analogous to those for round lenses. Now, however, we have 
two sets of cardinal elements, one set for the x–z plane and a second 
set for the y–z plane. These equations take the form

 (14)

d
dz

ˆ φ 1/ 2 ′ x ( )+ γ ′ ′ φ − 2γp2 + 4ηQ2
ˆ φ 1/ 2

4 ˆ φ 1/ 2 x = 0

d
dz

ˆ φ 1/ 2 ′ y ( )+ γ ′ ′ φ + 2γp2 − 4ηQ2
ˆ φ 1/ 2

4 ˆ φ 1/ 2 y = 0
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Figure 10–1. Quadrupoles. (a) Quadrupole orientation. The paraxial equations of motion are uncou-
pled when the x–z and y–z planes coincide with the planes of symmetry of electrostatic quadrupoles 
and fall midway between the poles of magnetic quadrupoles. (b) Appearance of a mixed magnetic–
electrostatic quadrupole.
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in which the functions p2(z) and Q2(z) characterize the potential and 
fi eld distributions (see Appendix I). We can now write
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Figure 10–1. Continued (c) Formation of a line image in a magnetic quadrupole; the arrows show the 
directions of the currents in the windings. (After Hawkes and Kasper, 1989, courtesy of Elsevier/
Academic Press.)

c)
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Since the cardinal elements are different in the two planes, the planes 
conjugate to a given object plane will not, in general, coincide. The 
system is astigmatic and if we operate two quadrupoles in tandem, the 
“object” of the second member will be astigmatic. Clearly, if we require 
quadrupoles to produce a stigmatic image of an object, we must use 
quadrupole multiplets and must somehow arrange that the cardinal 
elements of the multiplet are the same in the two planes. One multiplet 
confi guration is of particular importance. It can be shown by symme-
try arguments that if the multiplet is geometrically symmetric and 
electrically antisymmetric about its center plane, the focal lengths in 
the x–z and y–z planes will be equal. It is then only necessary to satisfy 
one condition (coincidence of the focal planes) to render the multiplet 
stigmatic. Quadruplets with this property have been extensively 
studied and are known as Russian Quadruplets, since their properties 
were fi rst investigated by Dymnikov and Yavor (1963) in the Ioffe 
Institute in Saint Petersburg (Figure 10–2).

The aberrations of quadrupoles are more numerous than in the case 
of round lenses but they fall into the same categories: aperture aberra-
tions (the analogues of the spherical aberration), comas, astigmatisms, 
and fi eld curvatures and distortions. Here we consider only the aper-
ture aberrations, since they will be exploited in aberration correctors. 
At this point, we note that octopoles, which have eight electrodes or 
magnetic poles, also have quadrupole symmetry and should hence be 
included in the formalism for the aberrations. They have no linear 
effect and hence have no effect on the paraxial behavior.

Our interest here is exclusively with aberration correctors, and we 
therefore assume that any multiplets of quadrupoles and octopoles are 
stigmatic and that the magnifi cations in the two planes are likewise 
equal Mx = My). In these circumstances, the additional terms arising 
from the aperture aberrations take the following form:
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The other multipoles used for aberration correction are sextupoles 
(also known as hexapoles). Like octopoles, they have no linear 

mid-plane

Q1

Q2
Q1

Q2

Figure 10–2. The “Russian” quadruplet. The excitations of the fi rst and last 
quadrupoles are equal and opposite, as are those of the second and third 
quadrupoles. The quadrupoles are disposed symmetrically about the center 
plane.
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effect on charged particles but unlike octopoles (and of course 
quadrupoles), their dominant effect is quadratic. Their primary aberra-
tions are third order, like round lenses and quadrupoles, and their 
aperture aberration, the aberration that depends only on gradient 
and is independent of off-axis distance, has the same nature as 
the spherical aberration of round lenses. It is for this reason that sex-
tupoles are potential correctors of Cs but some way of eliminating the 
quadratic effects must be devised. We shall see how this is achieved in 
a later section. For extensive discussion of their optical properties, see 
Rose (2002c).

Since the sextupoles will be used in conjunction with one or more 
round lenses, the paraxial solutions satisfy Eq. (1). We adopt a slightly 
different pair of solutions from those of Eq. (2), namely h(x), which, as 
before, satisfi es

 h(zo) = 0, h′(zo) = 1 (17a)

and k(z),

 k(zo) = 1, k(zk) = 0 (17b)

where z = zk is the coma-free point discussed earlier. The expression 
for a general ray becomes

 u(z) = Ωhh(z) + Ωkk(z) (18)

in which Ωh and Ωk are simply related to the usual object coordinates 
(for ample details, see Rose, 2002, which is closely followed here). 
When this general ray passes through a sextupole lens, it will be devi-
ated through a distance ∆u, which has the form

 ∆u = Ω– 2
hu11 + Ω– hΩ

–
ku12 + Ω– 2

k (19)

with
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The function H(z) characterizes the fi eld distribution in the sextupoles; 
in the most general case (in which both electrostatic and magnetic 
sextupoles may be present), H is given by

 H z
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where χ(z) characterizes the usual rotation in magnetic lenses.
All three contributions must vanish if the unwanted second-order 

effects of the sextupoles are to be eliminated; this can be achieved if 
the four integrals
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all vanish. The form of these conditions, in two of which h(z) is an even 
function while k(z) may be odd, and in the other two the situation is 
reversed, indicates that symmetry can be used to eliminate all four 
quantities. The simplest arrangement is that shown in Figure 10–3. 
Here, one ray is symmetrical within each sextupole but antisymmetric 
about the center plane of the combination; the other ray is antisym-
metric about the mid-plane of each sextupole but symmetric about the 
center plane of the whole combination. The members of the round-lens 
doublet have equal and opposite excitations, chosen in such a way that 
the centers of the sextupoles are conjugates, with magnifi cation −1. 
Since the sextupole strength is a free parameter, it can, as we shall see 
in Section 3.2.2, be used to cancel the spherical aberration of an adjoin-
ing round lens.

2.2 Chromatic Aberrations

Chromatic aberrations are a consequence of the rapid variation of elec-
tron lens strength with electron energy and lens excitation. The elec-
tron beam from the gun will inevitably have some energy spread and 
there will be some variation in the lens excitations, however carefully 
they have been stabilized. The result is a “chromatic” effect, character-
ized by chromatic aberration coeffi cients, that blurs the image. We can 
include this in the paraxial formalism by writing
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Figure 10–3. The simplest sextupole arrangement. No second-order aberra-
tions are introduced outside the corrector. (After Rose, 2003c, courtesy of the 
author and Springer-Verlag.)
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in which Cc is the (axial) chromatic aberration coeffi cient, CD is a 
measure of the chromatic aberration of magnifi cation, and Cθ is the 
anisotropic distortion. The quantity ∆φ0 is a measure of the potential 
variation corresponding to the energy spread of the beam and ∆B0 
represents any fl uctuations in the fi eld strength of the lens caused by 
variations of the current. (Here we are considering only magnetic 
lenses; a similar reasoning applies to electrostatic lenses.)

We thus have two types of aberration: the chromatic aberration Cc, 
which is linear in gradient and hence does not vanish for object points 
close to the axis, just like the spherical aberration; and the complex 
chromatic aberration of magnifi cation (CD + iCθ), analogous to the dis-
tortion in that it is independent of gradient. We can therefore expect 
that the chromatic aberration, like the spherical aberration, will impose 
a limit on the resolution attainable in very high resolution work. In 
practice, it defi nes an “information limit.” which, in instruments that 
have not been corrected for spherical aberration, is usually less severe 
than the limit imposed by spherical aberration. With the arrival of 
spherical aberration correctors, however, the situation is reversed and 
it becomes imperative to correct the chromatic aberration as well, or 
fi nd some way of rendering it innocuous. Incidentally, this is a return 
to the situation in the early days of electron microscopy, when chro-
matic effects dominated as a result of the relatively poor stabilization 
of circuitry at that time.

For quadrupoles, the chromatic aberrations are again different in the 
x–z and y–z planes:

 ∆xi = (Ccxx′o + CMxxo)∆c (24) ∆yi = (Ccyy′o + CMyyo)∆c

in which we have represented the potential and fi eld variation by ∆c 
[see Eq. (23)].

2.3 Parasitic Aberrations

Parasitic aberrations are, as their name suggests, not intrinsic defects 
of electron lenses. They result from imperfections of the construction 
or alignment of the lenses or of the entire instrument in question. The 
most serious is a (fi rst-order) astigmatism, traditionally associated with 
imperfect circularity of the bore of the lens: in fact, Fourier analysis 
shows that this astigmatism will usually be the dominant parasitic 
effect, whatever the origin of the problem. It is as though a very weak 
quadrupole had been superimposed on the lens and the effect can be 
cancelled by adding a weak quadrupole with the opposite strength. 
Such a device, which in practice has a more complex structure, is 
known as a stigmator and several such correctors are routinely incor-
porated in commercial instruments. In high-resolution operation, other 
parasitic effects become noticeable and ways of correcting or compen-
sating for these are now known.

A very detailed study of these parasitic aberrations in the context of 
electron microscope alignment has been made by Krivanek (Krivanek, 
1994; see also Krivanek and Fan, 1992a,b; Krivanek and Leber, 1993, 
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1994; Krivanek and Stadelmann, 1995). For measurement techniques, 
see Saxton (1995a,b, 2000), Saxton et al. (1994), and Chand et al. (1995) 
as well as Ishizuka (1994). The work of Zemlin on alignment is also 
relevant here (Zemlin et al., 1978; Zemlin, 1979). Among the earlier lit-
erature on parasitic aberrations, we draw attention to the work of 
Glaser (1942), Sturrock (1951), Archard (1953), Glaser and Schiske 
(1953), Der-Shvarts (1954), and Stoyanov (1955). A long survey has been 
written by Yavor (1993) and other references are listed in Hawkes 
(1997). The many publications on the stigmator are also relevant; see 
Chapter 31 of Hawkes and Kasper (1989) for numerous references to 
these.

3 Aberration Correction

3.1 Introduction

The picture of a corrected electron microscope as a standard instru-
ment to which a quadrupole–octopole or sextupole corrector has been 
added is an oversimplifi cation. Before correction of the spherical aber-
ration of the transmission electron microscope (TEM) and scanning 
transmission electron microscope (STEM) was achieved in the late 
1990s, only sporadic attention was paid to any other aberrations that 
might become troublesome after Cs had been reduced. Now, however, 
largely due to the theoretical work of H. Rose and the practical designs 
of O. Krivanek and his group, strategies are being developed to correct 
all the potentially harmful aberrations in a systematic way. In this 
section, we fi rst examine the basic correctors of spherical and chro-
matic aberration and then describe the much more complex correctors 
that should be capable of a broader range of correction. The latter are 
still at the planning stage or, at best, exist as prototypes.

Spherical aberration is the dominant resolution-limiting aberration 
in electron microscopes. It is characterized by the spherical aberration 
coeffi cient Cs, which can be expressed as an integral of the form

 C f B z h z dz
z

z

S

o

i

= ∫ [ ( ), ( )]  (25)

for magnetic lenses, in which as usual B(z) denotes the magnetic fl ux 
on the axis and h(z) is the particular solution of the paraxial ray equa-
tion (1) that vanishes at the object plane. A similar formula, in which 
the axial potential distribution φ(z) replaces B(z), gives the spherical 
aberration coeffi cient of electrostatic lenses. Here we concentrate on 
magnetic lenses.

The integrand f [B(z), h(z)] can be written in different ways [see 
Hawkes and Kasper, 1989 for many of these and for a general formula 
from which all the others can be generated; forms particularly useful 
for programming are given by Lencová and Lenc, 1990 (magnetic 
lenses) and 1994, 1977 (electrostatic lenses)]. In 1936, Otto Scherzer 
derived a nonnegative defi nite form of the integrand, a sum of squared 
terms, from which it is clear that the sign of the coeffi cient cannot 
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change. Scherzer’s formula was nonrelativistic but Rose (1967/8, see 
corrigendum in Preikszas and Rose, 1995) has established a relativistic 
version, which essentially confi rms Scherzer’s conclusion. Efforts to 
fi nd fi eld or potential distributions for which the integrand vanishes 
(Glaser, 1940; Recknagel, 1941) failed, as they were sure to do given the 
form of the integrand found by Scherzer. (Attempts to fi nd a loophole 
nevertheless continue; see Nomura, 2004 for a recent claim.) Tretner 
(1959) later established bounds on the coeffi cient.

However, all was not lost for the derivation of Scherzer’s formula 
requires a certain number of conditions to be satisfi ed: the lens must 
possess rotational symmetry, the excitation must be static, only dioptric 
operation is permissible (excluding an electron mirror mode), and, in 
the case of electrostatic lenses, the potential distribution and its deriva-
tives must be continuous. Object and image must both be real (not 
virtual). Scherzer showed (1947) that by relaxing one or the other of 
these conditions, a corrector could be devised.

Throughout the second half of the twentieth century, efforts were 
made to build and test the various types of corrector. These are 
described in detail in Septier (1966), Hawkes (1980), Hawkes and 
Kasper (1989, Chapter 41), and Hawkes (1997); some more recent infor-

metry has always seemed a promising approach and as early as the 
1950s, Seeliger (1949, 1951) attempted to put Scherzer’s suggestion for 
exploiting the idea into practice, as did Möllenstedt (1956). Archard 
(1954) showed that relatively simple confi gurations would create the 
desired fi eld distribution and Burfoot (1953) found a three-electrode 

further experiments were made over the years, including a reassuring 
proof-of-principle experiment by Deltrap (1964), but all attempts to 
correct a high-resolution microscope objective foundered essentially as 
a result of the complexity of the necessary system and of the intrinsic 
instability of the technique. A realistic corrector consists of four (or 
more) quadrupoles, probably with the “Russian” symmetry, and three 
octopoles. The asymmetry between the focusing in the x–z and y–z 
planes is not in itself benefi cial, quite the contrary in fact. However, it 
creates a situation in which octopoles (which have no paraxial effect, 
we recall) can correct the combined spherical and aperture aberrations 
of a round lens and the quadrupoles. Even if the quadrupoles and 
octopoles are combined into single elements, the task of aligning all 
these individual components is clearly formidable. In addition, the 
aberrations introduced by the quadrupoles are themselves large, so we 
have a situation in which a well-designed round lens with a small 
spherical aberration coeffi cient is combined with a set of quadrupoles 
with large aperture aberrations and octopoles, whose role is to cancel 
the overall aperture aberrations of the combination. It is for this reason 
that we describe the situation as unstable.

For several decades, quadrupoles and octopoles were the only non-
rotationally symmetric devices envisaged, although it was known that 
sextupoles suffer from a spherical aberration that would be suitable, in 
principle at least, for use as a corrector (Hawkes, 1965). However, the 

geometry that would in principle at least be aberration-free. Numerous 

mation is included in Hawkes (2002). Departure from rotational sym-
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three-fold symmetry and associated optical properties of such multi-
poles seemed to render them unsuitable for the purpose. But in 1979, 
Beck suggested that sextupoles could be combined in such a way that 
they would become attractive for correction, and this proposal was 
soon thoroughly studied (Crewe, 1980, 1982; Crewe and Kopf, 1980a,b; 
Rose, 1981; Ximen, 1983; Ximen and Crewe, 1985). In an interesting 
alternative approach, Dragt and Forest (1986) again showed the suit-
ability of sextupoles as correctors.

As we shall see in the following sections, each type of multipole 
corrector is now in use. The quadrupole–octopole corrector is used in 
the STEM, a probe-forming instrument in which the very considerable 
diffi culties of correcting a useful area or fi eld of view do not arise. The 
sextupole arrangement is incorporated in TEMs. A valuable study of 
the performance of these correctors has been made by Haider et al. 
(2000).

Of the other ways of achieving correction, Scherzer had high hopes 
of the use of high frequency (Scherzer, 1946, 1947), hopes that were 
shared by Gabor (1950). The basic idea is easily understood. Electrons 
are pictured as reaching the lens from a region close to the optic axis 
at the object; those rays that are more steeply inclined will reach the 
outer region of the lens (here, an electric lens) slightly later than those 
leaving the object at the same time but remaining close to the axis. By 
illuminating the specimen with short pulses of electrons and reducing 
the excitation of the lens in such a way that the outer electrons encoun-
ter a weaker fi eld, it should be possible to focus them all at the same 
place, thus eliminating the effect of spherical aberration, which would 
have focused the outer electrons too strongly if the lens strength had 
not been weakened. For electrons with energies in the tens of kilovolts 
range, the frequency required is found to be of the order of gigahertz 
and some experimental studies with a microwave cavity inserted 
between the polepieces of a magnetic lens were made by Oldfi eld (1973, 
1974). These were not pursued, however, and the problems of generat-
ing short enough pulses and, above all, of dealing with the increased 
energy spread of the beam were clearly formidable. Recently, Calvo has 
reconsidered the technique along very different lines, but his fi ndings 
are at present (2005) inconclusive (Calvo, 2002, 2004; Calvo and Lazcano, 
2002; Calvo and Laroze, 2002). Yet another way of using dynamic fi elds 
for spherical and chromatic aberration correction has been proposed 
by Schönhense and Spiecker (2002, 2003), with photoemission and low-
energy electron microscopes in mind. For chromatic aberration, an 
ingenious way of inverting the energy distribution of the electron 
beam has been found. The electrons are generated at the sample by a 
pulsed beam and, after acceleration and collimation, they enter a drift 
space, in which the faster electrons draw away from the slower ones, 
like horses galloping down the straight in a race. Beyond the drift space 
is an accelerator, initially switched off. When the fastest electrons 
emerge from it, the electric accelerating fi eld is rapidly switched on and 
by suitable choice of the accelerator fi eld, the slower electrons can be 
accelerated to a higher energy than the fast electrons, thus effectively 
inverting the original energy distribution (Figure 10–4). The chromatic 
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aberration of the fi nal lens will then bring the whole beam to a smaller 
focus than in the absence of energy inversion. For spherical aberration 
correction, Schönhense and Spiecker consider an “electrostatic” lens in 
which the lens strength is abruptly altered when the (pulsed) beam 
reaches the center. Schönhense and Spiecker explain the correcting 
effect by regarding the half-lens as a diverging lens (the converging 

Figure 10–4. Chromatic correction based on inversion of the electron energy 
distribution. (a) Schematic cross-section of the system (greatly exaggerated in 
the radial direction). (b) Electron energy distribution as a function of the 
optical path; Ekin denotes the actual kinetic energy of the electron ensemble. 
The distribution Ekin as a function of z before and after passing the pulsed 
accelerating fi eld is denoted by “in” and “out,” respectively. (c) Schematic 
representation of the electron energy distribution before and after passing the 
accelerator, Iin and Iout. (After Schönhense et al., 2002, courtesy of the authors 
and the American Institute of Physics.)

c)

b)

a)
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effect of the second half of the lens having been suppressed by switch-
ing off the lens). The image of the object is then virtual and Scherzer’s 
result is no longer applicable. Another way of understanding this is to 
note that the abrupt change in lens strength is equivalent to a discon-
tinuity in the fi eld and, as for the foil correctors mentioned below, this 
is known to offer a way of achieving correction. See also Khursheed 
(2002, 2005).

The idea of combining an electron mirror (an electrostatic lens in 
which there is a potential barrier too high for the electrons to sur-
mount) with a round lens in such a way that spherical and chromatic 
aberrations of the mirror cancel those of the round lens has been 
explored and projects based on this are currently being actively 
pursued. A major problem is to separate the beam incident on the 
mirror from the beam emerging from it and numerous ways of achiev-
ing this have been proposed (see Septier, 1966 and Hawkes, 1980 for 
earlier suggestions). We return to this in Section 3.3.4.

Finally, we draw attention to the method in which a fi eld discontinu-
ity is introduced into an electrostatic lens, by covering the bore with 
a very thin electron-transparent foil. This was suggested as a means 
of achieving chromatic correction by Scherzer in 1948 and has 
subsequently been investigated in great detail and with considerable 
ingenuity, notably by Typke (1968/9, 1972, 1976) and Scherzer (1980) in 
Darmstadt, Hoch et al. (1976) in Tübingen, Munro and Wittels (1977), 
and in Japan (Hanai et al., 1986, 1994, 1995, 1998); for recent work, see 
Matsuda et al. (2005). The idea has been revived but in a rather 
different form by van Aken et al. in Delft (van Aken et al., 2002a,b, 
2004, 2005; van Aken, 2005). The use of a cloud of space charge 
also falls into this category (see, for example, Haufe, 1958, where 
earlier attempts are listed) and has recently been revived by Orloff 
(Wang et al., 1995; Tang et al., 1996a,b; Chao et al., 1997) for ion-optical 
systems.

Chromatic aberration correction also has a long history, though less 
effort has been devoted to it than to spherical aberration correction 
because, in the high-resolution imaging mode, developments in micro-
scope design soon rendered the adverse effect of spherical aberration 
greater than that of chromatic aberration. This is obvious from an 
examination of the phase-contrast transfer function, which is a sinu-
soidal curve in the absence of any energy spread (chromatic effects or 
temporal partial coherence) and neglecting the nonvanishing source 
size. The sinusoidal curve is damped by an envelope function, repre-
senting the effect of energy spread, but the fi rst zero of the sinusoidal 
curve (a measure of the limit of resolution determined by the spherical 
aberration) occurs well before the damping curve reduces it to an 
unacceptably small value (the so-called information limit). With the 
arrival of Cs-correctors, however, the situation has changed dramati-
cally and it is now of interest, indeed essential to improve the infor-
mation limit as well by reducing the undesirable effects of energy 
spread.

The (axial) chromatic aberration of electron lenses is characterized 
by a coeffi cient, Cc, which can be written as an integral of the form
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for electrostatic lenses. As in the case of Cs (and, indeed, of all the aber-
ration coeffi cients), the integrands in Eqs. (26a) and (26b) can be written 
in different ways. The ones given here show immediately that Cc is 
positive defi nite and the best that can be hoped for in a round lens is 
a design for which Cc is small.

Over the years, two approaches to the problem of avoiding the limita-
tions imposed by the chromatic aberration of round lenses have 
emerged. One is a natural continuation of the efforts to reduce the 
energy spread of the beam emitted by the electron gun; by introducing 
a monochromator into the column, electrons with energies outside the 
chosen range can be eliminated. There is of course some loss of beam 
current but since the energy spread of the fi ltered beam can be made 
appreciably narrower than that of the original beam, this reduction in 
current may be acceptable. This solution is attractive not only in the 
imaging mode but also for electron energy-loss spectroscopy (EELS) 
and energy-fi ltered transmission electron microscopy (EFTEM). We say 
no more about this here; extensive discussion is to be found in the fol-
lowing books, review articles and other publications: Plies (1978), Tang 
(1986), Tsuno et al. (1988–9, 1990, 2003, 2005), Tsuno (1991, 1992, 1993, 
1999), Reimer (1995), Tsuno and Rouse (1996), Kahl and Rose (1998, 
2000), Huber and Plies (1999, 2000), Mook and Kruit (1999a,b, 2000), 
Mook et al. (1999, 2000), Oshima (1999), Batson et al. (2000), Kahl and 
Voelkl (2001), Martínez and Tsuno (2002, 2004), Benner et al. (2003c), 
Mukai et al. (2003a, b), Plies and Bärtle (2003), Ioanoviciu et al. (2004), 
Huber et al. (2004), Freitag et al. (2005), and Browning et al. (2006).

The alternative to using a monochromator is to devise a corrector of 
chromatic aberration. There are several ways in which such correctors 
can be conceived, involving the use of superimposed round lens and 
quadrupole fi elds, mixed electrostatic–magnetic quadrupoles, or elec-
tron mirrors.

An early suggestion by Scherzer (1947) involved combining an electro-
static round lens and an electrostatic quadrupole in such a way that the 
overall chromatic aberration coeffi cient of the combination is negative. 
Such a device could then be used to correct the chromatic aberration of a 
round lens acting as an objective. This suggestion was taken up by 
Archard (1955) and has subsequently been investigated carefully.

In 1961, Kel’man and Yavor showed that the chromatic aberration 
coeffi cient of a combined electrostatic–magnetic quadrupole can have 
either sign, depending on the relative strengths of the component 
quadrupoles, and hence that such combined lenses could be used to 
correct chromatic aberration. The result was rediscovered by Septier 
(1963) and generalized by Hawkes (1964, 1965b). Such combined 

h dz 
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quadrupoles appear in the latest designs of correctors, intended for the 
correction of both geometric and chromatic aberrations.

Another possibility, pointed out by Rose (1990), involves the use of 
a long Wien fi lter. This too has been studied carefully.

Finally, an electron mirror can be coupled to a round lens in such a 
way that the chromatic aberration is cancelled. A practical confi gura-
tion was examined by Rempfer and Mauck (1985, 1986, 1992) and 
Skoczylas et al. (1991, 1994). For other proposals, see Shao and Wu (1989, 
1990a,b), Rempfer (1990a,b), Crewe et al. (1995a,b, 2000), Tsai (2000), 
Crewe (2002), and Bimurzaev (2003, 2004). The simple beam-splitter 
employed by Rempfer and Mauck and later by Rempfer et al. (1997) to 
separate the incident and emergent beams was dispersive. An improved 
version, in which the separator is nondispersive, has been studied by 
Preikszas and Rose (1997) and is incorporated in the optical system of 
the European SMART (Fink et al., 1997; Wichtendahl et al., 1998; Müller 
et al., 1999; Hartel et al., 2000, 2002; Preikszas et al., 2000) and of the 
American PEEM3 (Wan et al., 2004; Wu et al., 2004; Feng et al., 2005; 
Schmid et al., 2005) projects.

3.2 Spherical Aberration Correctors

3.2.1 Quadrupole–Octopole Correctors
For the correction of spherical aberration, Scherzer proposed a sequence 
of cylindrical lenses and octopoles in his seminal paper of 1947 on ways 
of avoiding the consequences of his 1936 proof. Cylindrical lenses are 
the electron optical counterparts of glass lenses with cylindrical (as 
opposed to spherical) faces and are characterized by a round lens and 
a quadrupole potential distribution. It was soon realized (Archard, 
1954) that quadrupole lenses could be used to advantage instead of 
cylindrical lenses and the basic corrector confi guration, which has 
remained essentially unaltered, soon emerged (Figure 10–5): a sequence 
of three or four quadrupole lenses, with an octopole situated at each 
of the line foci to cancel or overcorrect the aperture aberrations in the 
x–z and y–z planes, together with a third octopole to complete the task 
of correction. (Turnbull, 2004, has recently revived the idea of using 
cylindrical lenses in a combined chromatic and spherical aberration 

object
plane

quadrupole
1

round
lens

image
plane

quadrupole  4
final octopole

quadrupole  2
first octopole

quadrupole  3
second octopole

Figure 10–5. The basic quadrupole corrector arrangement, showing four quadrupoles with octopoles 
situated at the two line foci and at a third site.
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corrector.) An important step forward was the introduction of the 
Russian quadruplet, which has geometric symmetry and electrical 
antisymmetry about its mid-plane, as we have already mentioned. In 
common with all multiplets possessing these symmetry properties, 
such quadruplets have the same focal length in the x–z and y–z planes. 
For a given geometry, the positions of the foci in these planes can then 
be made to coincide by suitable choice of the two excitations, where-
upon the quadruplet has the same overall paraxial behavior as a round 
lens. Sets of load curves, showing the appropriate excitations as a func-
tion of geometry, are available (see Hawkes, 1970, for many such curves 
and Baranova and Yavor, 1989). Another interesting early contribution 
was made by Burfoot (1953), who sought the (electrostatic) confi gura-
tion with the smallest number of electrodes that would be free of 
spherical aberration. He established suitably shaped apertures in a 
three-electrode lens (a remarkable achievement in precomputer times) 
but concluded that the necessary tolerances could not be achieved in 
practice; a simpler way of attaining the same objective was proposed 
by Archard (1958).

In 1964, Deltrap showed that the spherical aberration of a test lens 
could be reduced by means of a quadrupole–octopole corrector and 
thus confi rmed that the principle of correction was sound. However, 
for the next three decades, all attempts to make a corrector capable of 
improving the performance of a well-designed objective failed; with 
hindsight, we can see that these repeated and disappointing failures 
were due to the natural complexity of the system and to the unstable 
character of the correction principle mentioned above. Considerable 
progress was made, notably in the Darmstadt project (Reichenbach and 
Rose, 1968/9; Rose, 1970, 1971a,b; Bastian et al., 1971; Pöhner 1976, 1977; 
Bernhard and Koops, 1977; Koops et al., 1977; Koops, 1978, 1978/9; 
Koops and Bernhard, 1978, Pejas, 1978; Kuck, 1979; Bernhard, 1980; and 
Fey, 1980; see Scherzer, 1978 for a summing up) and in the Chicago 
microscope (Crewe et al., 1968; Thomson, 1972; Beck and Crewe, 1974, 
1976; Beck, 1977; Crewe, 1978), but neither succeeded in showing any 
real gain in electron microscope resolution. The tools necessary for the 
adjustment of such devices were not yet available. In the early 1990s, 
Zach showed that such correctors could improve the performance of 
scanning electron microscopes and this fi nding continues to be 
exploited in commercial instruments (Zach, 1989, 2000; Zach and 
Haider, 1995a,b; Honda et al., 2004a,b; Kazumori et al., 2004a,b; Uno 
et al., 2004a,b). Success came at last in 1997, when Krivanek and col-
leagues, working in the Cavendish Laboratory in Cambridge, built a 
corrector equipped with computer control, capable of making the many 
necessary adjustments rapidly and systematically. This corrector was 
fi tted to a STEM and was hence required to reduce the size of an elec-
tron probe (or to allow the angular aperture and hence the probe 
current to be increased). The Krivanek corrector consists of the basic 
quadrupoles and octopoles, all under computer control, together with 
other multipole fi elds designed to compensate for misalignments 
and parasitic aberrations in general. In the second-generation Nion 
corrector, 16 quadrupoles are used together with three combined 
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quadrupole–octopole elements. An additional quadrupole triplet is 
situated between the corrector and the probe-forming lens. The correc-
tor itself consists of an alternating sequence of quadrupole quadruplets 
and quadrupole–octopole elements (Figure 10–6a). With this arrange-
ment, the center planes of the quadrupole–octopole elements are all 
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Figure 10–6. The Nion quadrupole–octopole corrector incorporated in scan-
ning transmission electron microscopes. (a) The sequence of quadrupole qua-
druplets and quadrupole–octopoles of which the corrector is composed. Q-Q, 
quadrupole quadruplet; Q-O, quadrupole-octopole element. (b) Schematic 
view of the corrector incorporated in an STEM. (After Krivanek et al., 2004, 
courtesy of the authors and the Belgian Microscopy Society.)
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conjugates and are also conjugate to a plane close to the coma-free 
plane of the probe-forming lens. In this way, the fi fth-order geometric 
aberrations of the combination of corrector and probe-forming lens can 
be eliminated. Software will adjust the various components systemati-
cally. The evolution of the corrector, which has been fi tted to many VG 
STEMs, to the two SuperSTEMs at Daresbury, and to the Nion STEM, 
can be studied in the following publications: Krivanek et al. (1997a,b, 
1998, 1999a,b, 2000, 2001, 2002, 2003, 2004), Dellby et al. (2000, 2001), 
Batson et al. (2002), Batson (2003), Lupini et al. (2003), Pennycook et al. 
(2003), Nellist et al. (2004a,b), Dellby et al. (2005), Bacon et al. (2005), 
Krivanek et al. (2005), and Nellist et al. (2006). Figure 10–6b shows 
schematically the Nion corrector incorporated in a STEM. The quadru-
pole–octopole corrector designed for an FEI STEM/TEM is described 
by Mentink et al. (2004).

3.2.2 Sextupole Correctors
Sextupoles were not among the correctors envisaged by Scherzer in his 
1947 paper. In 1965, it was pointed out that the third-order aberrations, 
including of course the spherical aberration, of sextupoles have the 
same dependence on gradient in the object plane as that of a round lens 
(Hawkes, 1965a). However, the fact that the lowest order optical effect 
of sextupoles is not linear, as it is in round lenses and quadrupoles, but 
quadratic seemed to rule out any hope of using them for aberration 
correction. It was not until 1979 that combinations of sextupoles and 
round lenses from which the quadratic effects had been eliminated by 
compensation were proposed and subsequent developments have con-
fi rmed that such correctors are suitable for incorporation into transmis-
sion electron microscopes. As we have seen, the second-order effect of 
a sextupole is characterized by four terms of the form ∫H(z)h3−nkndz, in 
which H(z) represents the fi eld distribution in the (electrostatic or mag-
netic) sextupole and h(z), k(z) are two linearly independent solutions of 
the familiar paraxial equation for round lenses (these solutions collapse 
to straight lines in the absence of any round lens component). The 
integer n takes the four values 0, 1, 2, and 3. All four terms can be made 
to vanish by suitable choice of the symmetry of the confi guration; the 
simplest is shown in Figure 10–7. Before coupling such a device to a 
microscope objective, we must, however, ensure that the coma-free 
condition is satisfi ed. The (isotropic) coma-free plane of an objective is 
situated within the lens fi eld and must hence be imaged onto the front 
focal plane of the round-lens doublet in the corrector by means of 
another doublet (Figure 10–8). If it should be necessary to eliminate the 
anisotropic coma as well as the isotropic coma, an objective design in 
which two coils are used in tandem would have to be adopted (Rose, 
1971b). Sextupole correction may be traced in the following articles (in 
addition to the early publications already cited): Haider et al. (1982, 1995, 
1998a–c), Rose (1990b, 2002a,b), Haider and Uhlemann (1997), Haider 
(1998, 2000, 2003), Foschepoth and Kohl (1998), Uhlemann et al. (1998), 
Urban et al. (1999), Müller et al. (2002), Kabius et al. (2002), Lentzen et 
al. (2002), Liu et al. (2002), Benner et al. (2003a,b, 2004a,b), Chang et al. 
(2003), Hosokawa and Sawada (2003), Hosokawa et al. (2003), Jia et al. 
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(2003), Sawada et al. (2004a–c), Haider et al. (2004), Hartel et al. (2004), 
Titchmarsh et al. (2004), Hutchison et al. (2005), Haider and Müller 
(2005), Müller et al. (2005), and Chang et al. (2006).

3.2.3 Foil Correctors
The suggestion that spherical aberration can be corrected by incorpo-
rating a foil in a rotationally symmetric lens, thus introducing a 

Figure 10–7. Sextupole correctors. Course of the second-order fundamental 
rays in the corrector shown in Figure 10–3. (After Rose, 2003c, courtesy of the 
author and Springer-Verlag.)

Figure 10–8. Sextupole correctors. Correction of coma as well as spherical 
aberration requires a more complex system. The transfer doublet between the 
objective lens and the corrector allows for the fact that the coma-free plane 
lies within the magnetic fi eld of the objective. (After Rose, 2003c, courtesy of 
the author and Springer-Verlag.)
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discontinuity in the electric fi eld, has been very thoroughly explored 
by a Japanese group (see Hanai et al., 1986, 1994, 1995, 1998). In the 
earlier studies, the lens shown in Figure 10–9 was fi tted in a TEM and 
was shown to reduce the spherical aberration. Subsequent work has 
extended this to probe-forming instruments, notably the STEM, where 
again the principle was shown to be valid. The lifetime of the foil was, 
however, rather short as a result of the build-up of contamination. For 
a recent work using a curved mesh, see Matsuda et al. (2005).

A very different type of foil corrector has been investigated by van 
Aken (van Aken et al., 2002a,b, 2004, 2005; van Aken, 2005), who 
attempted to exploit the marked increase in the mean free path of 
electrons in metal foils at very low voltages. If the latter is atomically 
fl at, a mean free path of the order of 5 nm is expected for several metals 

Figure 10–9. Foil lens. (a) Schematic cross section of the foil lens. (b) A practi-
cal design, showing the foil lens incorporated in a magnetic objective. (After 
Hanai et al., 1998, courtesy of the authors and Oxford University Press.)

a)

b)
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at 5 eV above the Fermi level and a transmission of about 10% is pre-
dicted for thin foils (∼5 nm). By sandwiching the foil between a pair of 
electrodes, which fi rst retard the incident electrons and then accelerate 
them again, correction of both chromatic and spherical aberration is in 
principle possible. Figure 10–10 shows schematically a microscope 
column incorporating such a corrector.

3.3 Chromatic Aberration Correctors

3.3.1 All-Electrostatic Correctors
One form of the chromatic aberration coeffi cients of a system containing 
electrostatic round lens fi elds and electrostatic quadrupole fi elds is
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By introducing the Picht transformation,
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these take the form
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If the quadratic term could be reduced to zero (or at least made smaller 
than the absolute value of the negative term), the overall chromatic aber-
ration coeffi cient would be negative and the device would hence be suit-
able for use as a corrector. The quadratic term vanishes if the fi eld 
distribution is such that the paraxial ray Hx(z) = Cφ1/2 and similarly for 
Hy(z), where C is an arbitrary constant. In general, this is not an accept-
able form for Hx(z) and Hy(z), which must vanish in the object (and 

Figure 10–10. The van Aken low-energy foil corrector. Electrons are slowed 
down to a very low energy before passing through the correcting foil and then 
accelelerated again before entering the microscope column. (After van Aken, 
2005, courtesy of the author.)
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image) planes. If, however, the corrector is telescopic, such a form is 
permissible. By substituting this expression for Hx(z) and Hy(z), and 
hence hx(z) and hy(z), back into the paraxial equation, it is trivial to show 
that the fi eld functions φ(z) and p2(z) must be related by the formula

 p2

2

8
= ′′ − ′φ

φ
φ

 (30)

Confi gurations in which this condition (Scherzer, 1947) is closely 
satisfi ed have been found by Weißbäcker and Rose (2000, 2001, 2002) 
and by Maas and co-workers (Maas et al., 2000, 2001, 2003; Henstra and 
Krijn, 2000). In the studies of Weißbäcker and Rose, several confi gura-
tions are examined, in which the complexity increases with the practi-
cal usefulness of the corrector. In the simplest design, four distinct 
elements are employed and the corrector is capable of correcting both 
the chromatic and the spherical aberration in a scanning instrument. 
The fi rst element is a quadrupole, the purpose of which is to render 
the incoming beam astigmatic. This is followed by a three-element 
corrector consisting of quadrupole fi elds superimposed on a (round) 
einzel lens fi eld. A second corrector unit cancels the chromatic aberra-
tion in the other plane. Octopoles are incorporated so that the spherical 
aberration can be corrected simultaneously.

Unfortunately, such a corrector introduces large off-axis aberrations 
and is hence not suitable for use with transmission (fi xed-beam) elec-
tron microscopes. Weißbäcker and Rose therefore consider fi rst an 
extended version in which a third such element is added (Figure 10–11) 
and then propose a doubly-symmetric electrostatic corrector (DECO), 
in which each correcting element is enclosed within two quadrupole 
doublets (Figure 10–12). The symmetry conditions can now be arranged 
in such a way that the chromatic aberration and the coma vanish, 
while the spherical aberration is corrected by means of octopoles as 
usual.

In the complementary investigations of Henstra, Maas, Mentink, and 
co-workers, a confi guration consisting of nine elements (Figure 10–13) 
is explored. At the outer extremities are quadrupoles to create astig-
matism and subsequently annihilate it. In the center are fi ve combined 
round lens and quadrupole units. Two other quadrupoles are included 
to match the slowly decaying round lens fi eld of the fi rst and last com-
bined elements. For further work on this approach, see Baranova et al. 
(2004).

3.3.2 Mixed Quadrupole Correctors
Quadrupole lenses consisting of four electrodes and four magnetic 
poles situated midway between the electrodes have the power of cor-
recting the chromatic aberration of a round lens. They must of course 
be part of a suitable confi guration and are currently incorporated in 
the complex superaplanator and ultracorrector described in Section 3.4. 
Such correctors have not been seriously considered for correction of Cc 
in the transmission electron microscope in recent years, for the simpler 
confi gurations increased the spherical (and other) aberrations unrea-
sonably. However, they have been reconsidered recently (Haider and 
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Figure 10–11. Aplanatic corrector of spherical and chromatic aberration. (a) A three-element corrector, 
in which the fi rst and third elements cancel the chromatic aberration in the x–z plane while the central 
element cancels it in the y–z plane. (b) Axial rays in the fi rst half of the corrector. (c) Field rays in the 
fi rst half of the corrector. (After Weißbäcker and Rose, 2002, courtesy of the authors and Oxford Uni-
versity Press.)
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Figure 10–12. Doubly symmetric electrostatic corrector (DECO) of spherical and chromatic aberra-
tion. (a) Axial and fi eld rays in one-half of the DECO; each half consists of a corrector enclosed between 
quadupole doublets. (b) Details of the axial rays in one unit of the DECO. (c) Details of the fi eld rays 
in the fi rst half of the DECO. (After Weißbäcker and Rose, 2002, courtesy of the authors and Oxford 
University Press.)
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Figure 10–13. Electrostatic correction of chromatic aberration. (a) Rays in a quadrupole quadruplet 
or sextuplet. (b) Match between the potentials needed to satisfy Scherzer’s condition and those in the 
corrector. (See color plate.)
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Müller, 2004), for there exist more elaborate arrangements that do not 
have this handicap. Details are not available as yet.

3.3.3 Wien Filters and Correction
In an attempt to design a corrector that is reasonably easy to align and 
consists of as few separate elements as possible, Rose (1990) has exam-
ined the properties of an inhomogeneous Wien fi lter. If such a fi lter is 
to correct chromatic aberration instead of acting as a highly dispersive 
device, it must be nondispersive, double focusing, and free of all second 
rank aberrations (apart from the desired rotationally symmetric chro-
matic aberration). We have seen in other electron optical confi gurations 
how useful symmetry and antisymmetry are to eliminate certain aber-
rations. Here, all geometric second-order aberrations can be excluded 
by ensuring that the fundamental rays are antisymmetric with respect 
to the mid-plane of the fi lter or to the mid-plane of the fi rst or second 
half of the fi lter. Rose’s extremely complete study shows that a confi gu-
ration can be found that will correct chromatic aberration. Further-
more, by adding sextupoles before and after the corrector (Figure 
10–14), axial chromatic aberration and spherical aberration can be cor-
rected independently.

This idea has been revived by Mentink et al. (1999) and Steffen et al. 
(2000), who were seeking further simplifi cation and reduction of the 
number of optical elements and excitations. Rose’s device consisted of 
a relatively long combined multipole (octopole or dodecapole) with 
both magnetic and electrostatic components (as in all Wien fi lters) for 
chromatic correction, with external sextupoles. In this new design, 
chromatic correction is achieved by means of the usual magnetic and 
electrostatic fi elds of the Wien fi lter onto which an electrostatic quad-

Figure 10–13. Continued (c) Gaussian rays in the sextuplet after correcting elements have been placed 
at the line foci. The chromatic aberration has been corrected and the residual chromatic aberration of 
magnifi cation is small. (After Maas et al., 2001, 2003, courtesy of the authors, SPIE, and the Microscopy 
Society of America.)
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rupole is superimposed. No other magnetic fi elds are required. Spheri-
cal aberration is corrected by superimposing sextupole fi elds, which 
are of opposite sign in the fi rst and second halves of the Wien fi lter 
zone. Unwanted aberrations are introduced by the fringing fi elds at the 
extremities of the corrector but it should be possible to control them by 
shaping the ends of the electrodes and magnetic poles.

Figure 10–14. (a) Wien fi lter fl anked by two sextupoles and the necessary 
transfer lenses, capable of correcting both chromatic and spherical aberration. 
The nodal points N and N

–
 coincide with the coma-free points. (b) The corrector 

in conjunction with a coma-free objective. (After Rose, 1990, courtesy of the 
author and the Wissenschaftliche Verlagsgesellschaft.)
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3.3.4 Mirror Correctors
Several schemes for compensating the aberrations of round lenses by 
introducing an electron mirror (see Recknagel, 1937, for early work on 
electron mirrors) into the optical system have been proposed (Zworykin 
et al., 1945; Ramberg, 1949; Kasper, 1968/9). Aberration correction has 
now reached the stage at which simultaneous correction of all the aber-
rations that are liable to impair the performance of the instrument in 
question must be envisaged: correction of individual aberrations without 
considering the effect of the remainder is no longer suffi cient. For this 
reason, we describe here only the scheme devised by Preikszas and Rose 
(1997) and surveyed by Hartel et al. (2002), intended for the spectromi-
croscope for all relevant techniques (SMART) project at BESSY II and 
also adopted for PEEM3 at the Lawrence Berkeley National Laboratory 
(Rose et al., 2004; Feng et al., 2005; Schmid et al., 2005). This differs from 
earlier schemes, notably that of Rempfer and Mauck (1992) and Rempfer 
et al. (1997), in that the beam splitter, the role of which is to separate the 
beam incident on the mirror from the beam emerging from it, is nondis-
persive (Figure 10–15); however, for the application for which it was 
designed, a low-energy emission microscope, the corrector shown in 
Figure 10–15 is effective. A four-electrode mirror, such as that shown in 
Figure 10–16, offers enough degrees of freedom to adjust the focal length 
and spherical and chromatic aberration coeffi cients satisfactorily. As an 
example, Preikszas and Rose (1997) show that the spherical and chro-
matic aberration coeffi cients can be chosen anywhere inside the shaded 
region in Figure 10–17 for a fi xed position of the Gaussian image plane. 
Such a mirror could be combined with a dispersion-free magnetic beam 
splitter as shown in Figure 10–18a. Figure 10–18b shows the device incor-
porated in the SMART.
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Figure 10–15. The optical system described by Rempfer et al. (1997) for correcting chromatic and 
spherical aberration with the aid of an electron mirror. T1 and T2 are lens triplets, which act as transfer 
lenses. The shadow thrown by the fi ne mesh gives a measure of the aberration coeffi cients. (After 
Rempfer et al., 1997, courtesy of the authors and the Microscopy Society of America.)
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3.4 All-Purpose Correctors

In his keynote lecture on “High-Performance Electron Microscopes of 
the Future,” delivered at the twelfth European Congress on Electron 
Microscopy in Brno, 2000, Rose described a “hexapole planator” capable 
of correcting the fi eld curvature and (third-order) astigmatism. Such 
correction is essential for projection lithography systems. This pro-
posal was explored in detail by Munro et al. (2001) who, in an impor-
tant paper, fi rst examined the present limitations of projection systems 
for charged particles and then analyzed an electrostatic and a magnetic 
confi guration free of all third-order geometric aberrations, inspired by 
Rose’s hexapole planator.

Subsequently, two very complex correctors have been proposed by 
Rose, which are capable of correcting the spherical and chromatic aber-
rations as well as other primary aberrations that could be harmful once 
the axial aberrations have been brought under control (Rose, 2003, 2004, 
2005). These are the superaplanator and the ultracorrector. The fi rst of 
these is suitable for a transmission electron microscope: it consists of 
two symmetrical quadrupole quintuplets and three (or more) octopoles 
and corrects spherical and chromatic aberration. Very high stability of 
the excitations is essential (Rose, 2005), of the order of a few parts in 107, 
but this is attainable today. Symmetry is exploited to make the device 
as easy to use as possible. Thus the quadupole fi elds are symmetric with 
respect to the center plane of each quintuplet; conversely, the whole 
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Figure 10–16. Section of a tetrode mirror. The potentials applied to the elec-
trons determine the focal length and the chromatic and spherical aberration 
coeffi cients. (After Preikszas and Rose, 1997, courtesy of the authors and 
Oxford University Press.)
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Figure 10–17. Behavior of the 
aberration coeffi cients of the 
tetrode mirror of Figure 10–16. 
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shaded zone. (After Preikszas 
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Figure 10–18. Incorporation of the tetrode mirror of Figure 10–16 into a complete system. The beam 
separator is free of dispersion. (a) Basic confi guration. (b) The entire layout of the SMART (spectro-
microscope for all relevant techniques). [(a) After Preikszas and Rose, 1997, courtesy of the authors 
and Oxford University Press. (b) After Hartel et al., 2002, courtesy of the authors and Elsevier.]
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(double-quintuplet) unit exhibits antisymmetry about its mid-plane 
(the plane midway between the two quintuplets). An octopole is placed 
in this mid-plane and at the center of each quintuplet (Figure 10–19).

The superaplanator is adequate for the transmission electron 
microscope, where no particular attention need be paid to third-
order astigmatism and fi eld curvature, the zone to be imaged being 
so small. In electron projection lithography, however, it is desirable to 
correct all the primary chromatic and geometric aberrations. This can 
in principle be achieved with the confi guration known as the ultra-
corrector. Here, two identical multipole multiplets are used. Each of 
these consists of seven quadrupoles and seven octopoles, themselves 
disposed symmetrically about the center plane of the multiplet. Once 
again, the multiplet fi elds are antisymmetric with respect to the plane 
midway between two multiplets in which an additional octopole is 
situated (Figure 10–20). Detailed description of the modes of action of 
these complex structures is to be found in the work of Rose already 
cited. The suitability of these correctors for the Trans mission Electron 
Aberration-corrected Microscope (TEAM) project is currently (2005) 
being examined (O’Keefe, 2003, 2004; Kabius et al., 2004).

4 Concluding Remarks

If any lesson is to be learned from past attempts to correct spherical 
and chromatic aberration, it is that complex systems require a rapid 
and effi cient means of adjustment and that beyond a certain degree of 
complexity, only computer control offers the necessary speed and fl ex-
ibility. Nevertheless, it remains important to simplify the task as far as 
possible and this is achieved by exploiting the symmetry properties. 
The intrinsic simplifi cation of the optics provided by the Russian qua-
druplet (or multiplet) has long been known and, more recently, very 
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Figure 10–19. The superaplanator. (After Rose, 2005, courtesy of the author 
and Elsevier.)
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ingenious blends of symmetry and antisymmetry have been benefi cial, 
or indeed indispensable, in the design of Ω and related types of fi lters, 
such as the mandoline fi lter (see Rose and Krahl, 1995, for a thorough 
account and Tsuno, 2001, for a schematic appraisal). The symmetry and 
antisymmetry on which the multicomponent structures of the supera-
planator and the untracorrector are based not only help us to under-
stand how they work but also render the adjustment more systematic 
and less liable to instability.

The quest for aberration correctors has always been fuelled by the 
desire for ever higher resolution but, now that correction has been 
achieved, microscopists are beginning to realise that such devices will 
be useful in many other areas of microscopy. In-situ microscopy 
requires lenses with ample space between the polepieces and the coef-
fi cients of spherical and chromatic aberration of such lenses are large. 
By correcting these aberrations, in-situ microscopy should be capable 
of providing much fi ner information. In the life sciences, chromatic 
correction will make it possible to work with thicker specimens. And 
no doubt this is only the beginning. The new century is witnessing a 
new era in electron microscopy.

5 Appendix I

5.1 Power Series Expansions of Electrostatic Potential and 
Vector Potential

The power series expansions used in the foregoing text are identical with 
those adopted in Hawkes and Kasper (1989) and are reproduced here 
for the reader’s convenience. However, since the work of Rose is very 
frequently referred to, the relation between the notation used in his 
chapter in Ernst and Rühle (2003) and that employed here is also given.

Figure 10–20. The ultracorrector. (After Rose, 2005, courtesy of the author and 
Elsevier.)
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5.1.1 Expansions for the Electrostatic Potential
In Hawkes and Kasper (1989), the electrostatic potential is written as
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and [2l] signifi es 2l-fold differentiation with respect to z. An overbar 
indicates the complex conjugate.

This leads to the following correspondences:
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5.1.2 Expansions for the Vector Potential
In Hawkes and Kasper, the components of the vector potential are 
written as
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In Rose, the same gauge is adopted and the components of the vector 
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1 Introduction

Two-photon excitation (TPE) fl uorescence microscopy (Denk et al., 
1990; Pennisi, 1997; Esposito et al., 2004) can be considered an impor-
tant example of the continuing growth of interest in optical microscopy 
(Diaspro, 1996; Koster and Klumperman, 2003). In spite of its low 
spatial resolution compared to other modern imaging techniques, such 
as scanning near-fi eld microscopy (Dürig and Pohl, 1986), scanning 
probe microscopy (Binnig et al., 1986), or electron microscopy (Ruska 
and Knoll, 1931), light microscopy techniques, including TPE micro-
scopy, have unique capabilities in the investigation of biological struc-
tures in a hydrated state, in living specimens, or at least under 
conditions that are close to physiological states (Pawley, 1995; Periasamy, 
2001; Diaspro, 2002). This fact, coupled with advances in fl uorescence 
labeling, permits the study of the complex and delicate relationships 
existing between structure and function in the four-dimension (x–y–
z–t) biological systems domain (Arndt-Jovin et al., 1985; Beltrame et al., 
1985; Wang and Herman, 1996; Herman and Tanke, 1998). As well, 
the advances achieved in the fi eld of biological markers, especially the 
design of application-suited chromophores, the development of the 
so-called quantum dots (Jaiswal et al., 2004), visible fl uorescent pro-
teins (VFPs) from the green fl uorescent protein (GFP) and its natural 
homologues to specifi cally engineered variants of these molecules (Pat-
terson and Lippincott-Schwarz, 2002; Wiedenmann et al., 2004), and 
the improvements in resolution by means of special optical schemes 
(Egner et al., 2004; Gugel et al., 2004), are enabling TPE to move from 
micro scopy to nanoscopy (Hell, 2003; Bastiaens and Hell, 2004).

There is also ongoing research to use TPE in new fi elds where its 
special features can be advantageously applied to improve and to opti-
mize existing schemes (McConnell and Riis, 2004). This covers new 
online detection systems such as endoscopic imaging based on gradi-
ent refractive index fi bers (Jung et al., 2004), the development of new 
substrates with higher fl uorescence output (Kappel et al., 2004), as well 
as the use of TPE to systematically cross-link protein matrices and 



752 A. Diaspro et al.

control the diffusion (Basu and Campagnola, 2004). Furthermore, the 
combination of TPE applications with other techniques has great poten-
tial use (Bird et al., 2004; Nemet et al., 2004; Periasamy and Diaspro, 
2004).

TPE microscopy belongs to the category of three-dimensional (3D) 
optical microscopy methods, which have been widespread since the 
1970s (Weinstein and Castleman, 1971; Agard et al., 1989; Bianco and 
Diaspro, 1989; Diaspro et al., 1990; Brakenhoff et al., 1979; Sheppard and 
Wilson, 1980; Wilson and Sheppard, 1984; Carlsson et al., 1985; Shotton, 
1993). During the past 10 years, confocal microscopes have proved to 
be extremely useful research tools, notably in the life sciences. The 
evolution has also brought optical microscopy from 3D (x–y–z) to 5D 
(x–y–z–t–λ) analysis allowing researchers to probe even deeper into the 
intricate mechanisms of living systems (Cheng, 1994; Pawley, 1995; 
Masters, 1996; Sheppard and Shotton, 1997; Periasamy, 2001; Diaspro, 
2002). Here, TPE microscopy (Denk et al., 1990; Diaspro, 1999a–c), or 
more generally multiphoton excitation (MPE) microscopy (König, 2000; 
Gratton et al., 2001), can probably be considered the most relevant 
advance in fl uorescence optical microscopy since the introduction of 
confocal imaging in the 1980s (Wilson and Sheppard, 1984; White 
et al., 1987; Pawley, 1995; Webb, 1996; Sheppard and Shotton, 1997; 
Diaspro, 2002; Amos, 2000).

TPE microscopy couples a 3D intrinsic ability, shared with confocal 
microscopy, with almost fi ve other interesting properties. First, TPE 
greatly reduces photo interactions and allows imaging of living speci-
mens over long time periods. Second, it allows operation in a high-
sensitivity background-free acquisition scheme. Third, TPE microscopy 
can penetrate turbid and thick specimens down to a depth of a few 
hundred micrometers. Fourth, due to the distinct character of the 
multiphoton absorption spectra of many of the fl uorophores, TPE 
allows simultaneous excitation of different fl uorescent molecules 
reducing colocalization errors. Fifth, TPE can prime photochemical 
reactions within a subfemtoliter volume inside solutions, cells, and 
tissues.

Furthermore, this form of nonlinear micro scopy also favored the deveop-
ment and application of several investigative techniques starting from 
TPE microscopy (Denk et al., 1990), namely, three-photon excited fl uores-
cence (Hell et al., 1996; Maiti et al., 1997), second harmonic generation 
(Gannaway and Sheppard, 1978; Gauderon et al., 1999; Campagnola et al., 
1999; Zoumi et al., 2002), third-harmonic generation (Mueller et al., 1998; 
Squier et al., 1998), fl uorescence correlation spectroscopy (Berland et al., 
1995; Schwille et al., 1999, 2000; Schwille, 2001; Heinze et al., 2004; Ruan 
et al., 2004), image correlation spectroscopy (Wiseman et al., 2000, 2002), 
lifetime imaging (König et al., 1996; French et al., 1997; Sytsma et al., 1998; 
Straub and Hell, 1998), single molecule detection schemes (Mertz et al., 
1995; Xie and Lu, 1999; Sonnleitner et al., 1999, 2000; Cannone et al., 2003b; 
Chirico et al., 2001, 2003b), photodynamic therapies (Bhawalkar et al., 
1997), two-photon photoactivation and photoswitching of visible fl uores-
cent proteins (Chirico et al., 2004, 2005; Post et al., 2005; Schneider et al., 
2005), and others (White and Errington, 2000; Masters, 2002; Periasamy, 



 Chapter 11 Two-Photon Excitation Fluorescence Microscopy 753

2001; Periasamy and Diaspro, 2003; Cahalan et al., 2003; Miller et al., 2003; 
Diaspro, 1998, 2004; Piston, 2005, Cruz and Luscher, 2005).

2 Brief Chronological Notes

The important work done by Abbe indicated how to optimize the 
optical microscope. In 2005 the “Focus on Microscopy” conference, held 
in Jena, was dedicated to Abbe’s work 100 hundred years after his death 
(www.focusonmicroscopy.org). Abbe’s approach in defi ning factors 
infl uencing the microscope’s resolution was fundamental. Confocal 
and TPE microscopy show how to extend optical parameters to obtain 
a better resolution. In 2000 the Optical Society of America honored Paul 
Davidovits, M. David Egger, and Marvin Minsky with the R.W. Wood 
Prize for “seminal contributions to confocal micro scopy.” The fact 
is that in 1975 Minsky invented a confocal microscope identical 
in the concept to the one developed by Egger and Davidovits at Yale 
(Davidovits and Egger, 1969, 1971), by Sheppard and Wilson at Oxford 
(Sheppard and Choudhury, 1977; Sheppard and Wilson, 1980; Wilson 
and Sheppard, 1984), and by Brakenhoff and colleagues in Amsterdam 
(Brakenhoff et al., 1979, 1989). As reported by Minsky (1988), the circum-
stances are also remarkable in that Minsky only published his invention 
as a patent (Figure 11–1). In addition, the idea for a confocal microscope 
was previously presented by Naora, who built an optical setup based 
upon a concept of Koana, as recently indicated by Guy Cox. It was not 
until the end of the 1970s, with the advent of affordable computers and 
lasers, and the development of digital image processing software, that 
the fi rst single-beam confocal laser scanning microscopes became avail-
able in a number of laboratories and were applied to biological and 
materials specimens. A new revolution was developing (Sheppard and 
Kompfner, 1978): TPE second harmonic and fl uorescence micro scopy. 
The TPE story dates back to 1931, having its roots in the theory origi-
nally developed by Maria Göppert-Mayer (1931). The keystone of TPE 
theory lies in the prediction that one atom or molecule can simultane-
ously absorb two photons in the same quantum event.

Figure 11–1. Historical sketch of the confocal setup as reported by Marvin Minsky in his patent (U.S. 
patent 3013467: Microscopy Apparatus, fi led 7 November 1957).
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Now, to indicate the rarity of the event, consider that “simultane-
ously” here implies “within a temporal window of 10−16–10−15 s”: in 
bright daylight a good one- or two-photon excitable fl uorescent mole-
cule absorbs a photon through a one-photon interaction about once a 
second and a photon pair by two-photon simultaneous interaction 
every 10 million years (Denk and Svoboda, 1997). To increase the prob-
ability of the event, a very high density of photons is needed, i.e., a 
laser source. As in confocal microscopy, the laser is the key to the 
development and dissemination of the technique. In fact, it was only 
in the 1960s, after the development of the fi rst laser sources (Svelto, 
1998; Wise, 1999), that it was possible to fi nd experimental evidence for 
Maria Göppert-Mayer’s prediction. Kaiser and Garret (1961) reported 
TPE of fl uorescence in CaF2 : Eu2+ and Singh and Bradley (1964) were 
able to estimate the three-photon absorption cross-section for naphtha-
lene crystals. These two results consolidated other related experimen-
tal achievements obtained by Franken et al. (1961) of second har monic 
generation in a quartz crystal using a ruby laser. Later, Rentzepis and 
colleagues (1970) observed three-photon excited fl uorescence from 
organic dyes, and Hellwarth and Christensen (1974) collected second-
harmonic generation signals from ZnSe polycrystals at a microscopic 
level. In 1976, Berns reported a probable two-photon effect as a result 
of focusing an intense pulsed laser beam onto chromosomes of living 
cells, and such interactions form the basis of modern nanosurgery 
(König et al., 1999). However, the original idea of generating 3D micro-
scopic images by means of such nonlinear optical effects was fi rst 
suggested and attempted in the 1970s by Sheppard, Kompfner, 
Gannaway, and Choudhury of the Oxford group (Sheppard et al., 1977; 
Gannaway and Sheppard, 1978; Sheppard and Kompfner, 1978). 
It should also be emphasized that for many years the application of 
two-photon absorption was mainly related to spectroscopic studies 
(Friedrich and McClain, 1980; Friedrich, 1982; Birge, 1986; Callis, 1997). 
The real “TPE boom” took place at the beginning of the 1990s at the 
W.W. Webb laboratories (Cornell University, Ithaca, NY). However, it 
was the excellent and effective work done by Winfried Denk and col-
leagues (Denk et al., 1990) that was responsible for spreading the tech-
nique and that revolutionized fl uorescence microscopy imaging.

3 Basic Principles on Confocal and Two-Photon 
Excitation of Fluorescent Molecules

3.1 Fluorescence

Fluorescence optical microscopy is very popu lar for imaging in biology 
since fl uorescence is highly specifi c either as exogenous labeling or 
endogenous autofl uorescence (Beltrame et al., 1985; Arndt-Jovin et al., 
1985; Periasamy, 2001). Fluorescent molecules allow both spatial and 
functional information to be obtained through specifi c absorption, 
emission, lifetime, anisotropy, photodecay, diffusion, and other con-
trast mechanisms (Diaspro, 2002; Zoumi et al., 2002). This means that 
it is possible to effi ciently study, for example, the distribution and 
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dynamics of proteins, DNA, and chromatin as well as ion concentra-
tion, voltage, and temperature within living cells (Chance, 1989; Tsien, 
1995; Robinson, 2001). TPE of fl uorescent molecules is a nonlinear 
process related to the simultaneous absorption of two photons whose 
total energy equals the energy required for conventional, one-photon 
excitation (Birks, 1970; Denk et al., 1995; Callis, 1997). In any case the 
energy required to prime fl uorescence is the energy suffi cient to 
produce a molecular transition to an excited electronic state. The excited 
fl uorescent molecules then decay to an intermediate state giving off a 
photon of light having an energy lower than needed to prime excita-
tion. This means that the energy E provided by photons should equal 
the molecule energy gap ∆Eg, and, considering the relationship between 
photon energy E and radiation wavelength λ, it follows that

 ∆E E
hc

g = =
λ

 (1)

where h = 6.6 × 10−34 J ⋅ s is Planck’s constant and c = 3 × 108 m s−1 is the 
value of the speed of light (considered in vacuum and to a reasonable 
approximation). Conventional techniques for fl uorescence excitation 
use ultraviolet (UV) or visible radiation and excitation occurs when the 
absorbed photons are able to match the energy gap to the ground from 
the excited state. Due to energetic aspects, the fl uorescence emission is 
shifted toward a wavelength longer than the one used for excitation. 
This shift typically ranges from 50 to 200 nm (Birks, 1970; Cantor and 
Schimmel, 1980). For example, a fl uorescent molecule that absorbs one 
photon at 340 nm, in the ultraviolet region, exhibits fl uorescence at 
420 nm in the blue region.

A 3D reconstruction of the distribution of fl uorescence within a 
three-dimensional object such as a living cell starting with the acquisi-
tion of the two-dimensional distribution of specifi c intensive proper-
ties is one of the most powerful properties of the optical microscope. 
In fact, this allows complete morphological analysis through volume 
rendering procedures (Kriete, 1992; Robinson, 2001) of living biological 
specimens, where the opportunity of optical slicing allows information 
to be obtained from dif ferent planes of the specimen without being 
invasive, thus preserving the structures and functionality of the 
different parts (Weinstein and Castleman, 1971; Agard, 1984; Agard 
et al., 1989; Diaspro et al., 1990).

3.2 Confocal Principle and Laser Scanning Microscopy

Conventional wide-fi eld microscopes involve a specimen entirely 
bathed in the radiation from the light source, viewed directly by eye or 
through any capture device [charge coupled device (CCD) camera, for 
instance or photosensitive fi lm]. As reported in the paper by Minsky 
(1961), an ideal microscope would examine each point of the specimen 
and measure the amount of light scattered, absorbed, or emitted by that 
point, excluding contributions from another part of the sample from 
the actual or from adjacent planes (Figure 11–2). Unfortunately, in 
trying to obtain images by making many such measurements at the 
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same time, every focal image point will be clouded by aberrant rays of 
scattered light defl ected from points of the specimen that are not the 
point of interest. This means that samples undergo continuous full 
excitation, leading to in- and out-of-focus light points and contributing 
to overlapping and worsening axial resolution and producing that 
typical hazing in the collected images that, together with light-diffrac-
tion effects, limits the performance of the instrument. Most of those 
extra rays would be absent if we could illuminate only one specimen 
point at a time. There is no way of eliminating every undesired ray, 
because of multiple scattering, but it is comparatively straightforward 
to remove all rays not initially aimed at the focal point by using a sort 
of second microscope (instead of a condenser lens) to image a pinhole 
aperture (a small aperture in an opaque screen) on a single point of the 
specimen. This reduces the amount of light in the specimen by orders 
of magnitude without reducing the focal brightness. Even then, some 
of the initially focused light will be scattered by out-of-focus specimen 
points onto other points in the image plane affecting the clarity of the 
fi nal acquisition, i.e., of the observed image o. But it is possible to reject 
undesired rays as well, by placing a second pinhole aperture in the 
image plane that lies beyond the exit side of the objective lens. We end 
up with an elegant, symmetrical geometry: a pinhole and an objective 
lens on each side of the specimen. This leads to the use of two lenses 
on both the excitation and detection sides of the microscope, combining 
the two lenses for a unique effect (Figure 11–3).

To acquire an image the excitation light has to be fully delivered to 
each point of the sample and the emission signal collected and dis-
played. This is usually accomplished by either of two possible but dif-
ferent strategies.

The fi rst one is based upon scanning the sample in a raster pattern 
such that over every fi xed period of time, the necessary amount of 
information from the focal plane is collected and the emitted light 
signal, usually detected through a photomultiplier tube (PMT), is dis-
played by a mapping of each single point light emission. Sometimes, 
the use of a slit moving in one direction (rather than a single point) is 

Figure 11–2. Comparison between conventional (1P) and two-photon (2P) 
excitation with respect to image formation. When focusing on the actual focal 
plane under 1P, a contribution from adjacent planes that are physically excluded 
in the 2P process is obtained, as happens in a confocal setup. (From Giuseppe 
Vicidomini, LAMBS, MicroScoBio, University of Genoa.) (See color plate.)
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preferred for speeding up the scanning rate, although this leads 
to an evident worsening of the spatial resolution and of the three-
dimensional imaging capability.

A second possible approach to form confocal images consists of 
employing a multipinhole Nipkow spinning disk (Petran et al., 1968; 
Kino and Corle, 1989). This is a disk containing multiple sets of spirally 
arranged holes placed in the image plane of the objective lens. A large 
parallel beam of light is then pointed at a particular region of the disk 
and the light passing through the illuminated pinholes is focused by 
the objective lens straight onto the specimen. When spinning the disk 
at a rapid rate, the sample may undergo excitation several hundred 
times per second: emitted light is collected and imaged typically by a 
high-resolution and high-quantum-effi ciency CCD camera. Concern-
ing optical sectioning, every architecture is built such that the sample 
is placed along the light path at a conjugate focal plane and the move-
ments along the optical axis keep the focus at a fi xed distance from the 
objective, making it possible to effectively scan different fi elds of view 
through the specimen (due to a step-by-step motor device attached to 
the fi ne focus) and collect a series of in-focus optical slices for 3D 
reconstruction.

The degree of confocality is a function of the pinhole size: the use of 
smaller pinholes improves the discrimination of focused light from stray 
light, thus involving a thinner plane in the image formation process and 
improving resolution, at the cost of lower light throughput, which makes 
things complicated when dealing with particularly dim samples.

In these architectures, z-resolution and opti cal sectioning thickness 
(which are basically the parameters involved in every optical sectioning 
process) depend on a number of factors such as the numerical aperture 
(NA) of the objective lens, the wavelength of the excitation/emission 
light, the pinhole size, the refractive index of components along the light 
path, and fi nally the overall alignment of the instrument.

3.3 Theoretical Analysis

The development of an effective theoretical model for describing the 
properties of an optical system needs some preliminary, realistic as-
sumptions to be made to simplify calculations.

Figure 11–3. Equivalent optical confi guration for a confocal setup (see text).
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From this point of view, a linear space invariant (LSI) model is a good 
choice, pliable enough to obtain important insights and develop suit-
able mathematical tools for the analysis of most concrete situations. Let 
us consider the situation sketched in Figure 11–3, showing a typical 
confocal setup.

A monochromatic point light source is focused onto a sample in the 
focal plane through a lens L1 (condenser) and the emitted radiation 
from the sample (which is also supposed to be monochromatic) is col-
lected through a second lens L2 (objective) by a point detector. Let hex 
and hem be, respectively, the impulse response of L1 and L2, i.e., the lens 
response to a point-like light source. Under this hypothesis it can be 
written that Uex(x) = (hex ⊗ δs)(x) = hex(x), where the excitation light 
source is modeled by a Dirac impulse.

It can be shown that with Uex being the signal reaching the sample, 
the emitted signal scales with the fl uorescent dye density D according 
to Uem = D ⋅ Uex. The emitted radiation is then focused on the point 
detector through L2.

This leads to Udet(x) = [(hem ⊗ Uem) ⋅ δd](x) where the point detector 
function is assumed to be a Dirac impulse. The overall signal collected 
by the detector is
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If we now limit ourselves to a point-like sample:

 U x dx dy y h y h y h hdet ex em ex em( ) ( ) ( ) ( ) ( ) ( )∫ ∫= − =δ 0 0

where hex = hem under the hypothesis of L1 = L2 and λex = λem.1

Since an x–y–z scanning process is generally coupled to the imaging 
one, it is natural to write, for a general point P(x,y,z): Itot = h2(x,y,z), which 
is the general expression for the point spread function (PSF), that is, the 
system impulse response. A mathematical expression for h(x,y,z) can be 
obtained through the scalar electromagnetic waves theory.

The formulation, based on Fraunhofer diffraction, leads to

 h u v J v e diu( , ) ( ) .∝ −∫ 0
0 5

0

1 2
2

ρ ρ ρρ  (2)

Where u and v are suitable dimensionless variables defi ned according 
to the following:

 u ∝ z

 v x y∝ +2 2

1 The equivalence of hex = hem is valid only for pinhole sizes ≤ 0.25 AU. AU is 
the so-called Airy unit, which represents the diameter of the Airy disk.
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By limiting the discussion to the points along the optical axis and in 
the focal plane, we have:
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Compared to a conventional microscope, where Itot ≈ h(u,v), the calcula-
tion of the fall width at half-maximum (FWHM), representing the 
system resolution, leads to an improvement in resolution by a factor 
1.4 (Brakenhoff et al., 1979; Wilson and Sheppard, 1984; Diaspro et al., 
1999a; Jonkman and Stelzer, 2002; Torok and Sheppard, 2002).

3.4 Remarks and Comments

Comparisons between the ideal PSF in the case of strict confocality 
with that of conventional microscopes account for improvements in 
resolution. However, despite the use of this mathematical formalism 
for concrete situations, further drawbacks need to be highlighted. First, 
there is a natural relation between the pinhole size and the PSF: the 
more the pinhole size is increased, the more the confocal microscope 
response tends to fi t conventional responses.

This means that in the case of dim or highly photosensitive speci-
mens some compromise has to be found between the resolution and 
the amount of the collected signals, according to the kind of analysis 
to be performed (whether a morphometric one or intensity one).

Second, the PSF is obviously dependent on many physical para-
meters, inter alia the refractive index of the sample, immersion medium, 
its turbidity, the degree of homogeneity of the sample, and the photo-
chemical properties of the dyes used. For these reasons the develop-
ment of complicated computations often leads to poorly applicable 
results in practice, since conditions often change dramatically for the 
different measurements.

One of the most meaningful factors on which PSF depends is the 
refractive index mismatch between the objective immersion medium 
and that of the sample solution. This results in a loss of axial resolution 
and a corruption of the shape (Diaspro et al., 2002a).

Table 11–1 reports the value of theoretical and experimental FWHM 
of confocal PSFs using different pinhole sizes. A sample of subresolu-

Table 11–1. FWHM of confocal PSFs for different pinhole sizes.
 Oil (n = 1.5)

 Lateral (nm) Axial (nm)

 Pinhole 20 mm Pinhole 50 mm Pinhole 20 mm Pinhole 50 mm

Experimental 186 ± 6 215 ± 5 489 ± 6 596 ± 4

Theoretical 180 210 480 560
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tion beads [Polyscience, diameter = (0.064 ± 0.009) µm] has been 
imaged by means of a 100× NIKON oil-immersion objective (NA = 1.3; 
WD = 0.20 mm) under argon laser excitation (λ = 488 nm). Theoretical 
values are those expected (in the absence of mismatch) and are cal-
culated by means of web-based deconvo lution software (http://www.
powermicroscope.com).

As can be seen from the reported values, the system resolution is 
worse along the optical axis and is strictly dependent on the pinhole 
size: these results are in accordance with what is expected from the 
above theory. Asymmetry of the plots in the real case is typical and 
becomes even more evident when focusing through different stratifi ed 
media (Diaspro et al., 2002a).

The theory, developed within the context of electromagnetic waves 
focusing across stratifi ed media, suggests a progressive broadening of 
the PSF with respect to the focusing depth, becoming even more notice-
able under refractive-index mismatch conditions. Furthermore, on a 
higher level of complexity, the coexistence of different refractive indices 
within the sample and the resulting artifacts can be considered.

As a consequence of this, the largest percentage of variation of the 
lateral FWHM, with respect to the focusing depth, goes from 6% (oil-
immersed PSF), to 48% (air-immersed PSF), whereas the axial FWHM 
varies up to 130% (air-immersed PSF) (see Table 11–2).

This phenomenon is related to a subsequent weakening of the signal 
with respect to the focusing depth, which turns out to be more evident 
in the case of refractive index mismatch. Table 11–3 gives typical 
observed values of the percentage of variation of the PSF intensity peak 
under different mismatch conditions and at different focusing depths 
(referred to the coverslip).

Table 11–3. Variations in PSF intensity with mismatch conditions 
and focusing depths.
Medium % at 30 µm depth % at 60 µm depth % at 90 µm depth

Oil  3  6  7

Glycerol 17 27 34

Air 44 51 60

Table 11–2. Variation of lateral FWHM with focusing depth.
 Air Glycerol Oil

Depth (mm) Lateral (nm) Axial (nm) Lateral (nm) Axial (nm) Lateral (nm) Axial (nm)

0 187 ± 8  484 ± 24 183 ± 14 495 ± 29 186 ± 6 489 ± 6

30 244 ± 10  623 ± 9 221 ± 5 545 ± 12 197 ± 10 497 ± 21

60 269 ± 11  798 ± 10 252 ± 7 628 ± 9 186 ± 12 496 ± 19

90 277 ± 5 1063 ± 24 268 ± 8 797 ± 26 191 ± 9 484 ± 12
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3.5 Resolution and Three-Dimensional Optical Sectioning

Three-dimensional reconstruction of an object starting from the acqui-
sition of 2D confocal slices is one of the most powerful procedures for 
morphological analysis and volume rendering, especially within bio-
logical sciences, where optical slicing allows information to be obtained 
from different planes of the specimen without being invasive, thus 
preserving the structure and functionality of the different parts.

Three-dimensional optical sectioning is intrinsically coupled with 
the axial resolution of the confocal microscope. For pinhole diameters 
smaller than 1 AU the approximation of a point-like pinhole is used. 
For this case the FWHM of the total PSF in the z direction can be 
expressed as

 r
n n NA

z =
− −

0 64
2 2

. λ  (3)

This expression describes the axial resolution and the effective 
optical slice thickness for the sectioning of the specimen. Here λ– 
is λ λ λ λ λ≈ +( )2 2 2

em ex ex em/ : a mean wavelength. This technique is 
essentially based on an automatic fi ne z stepping either of the objective 
or of the sample stage, coupled with the usual x–y point-to-point scan-
ning of the focal plane and image capturing.

The synchronous x–y–z scanning allows the collection of a set of 
in-focus 2D images, which are less affected by signal cross-talk from 
other planes of the sample as more strictly confocal conditions are 
respected.

This means that when a set of 2D images is acquired at various focus 
positions and under certain conditions, in principle the 3D shape of the 
object can be recovered. However, the observed image o(x,y,z), pro-
duced by the true intensity distribution i(x,y,z), is corrupted by the 
characteristic PSF of the image formation system s(x,y,z), by noise stem-
ming from different sources n(x,y,z), and by cross information coming 
from different planes rather than from the focus one.

At a certain plane of focus z0 within the sample or, at discrete planes 
along the z axis, the simplest way to describe such a process for the jth 
plane can be regarded as the following:

 oj = ij ⊗ s0 + ij−1 ⊗ sj−1 + ij+1 ⊗ sj+1 + (other plane contributions
 if relevant) + n (4)

where the subscripts on i and o refer to the z plane numbers, while the 
subscripts on s refer to the number of interplane spacings z away from 
the “in-focus” position at the actual jth plane.

This relationship is usually transferred to the Fourier frequency 
domain, where the convolution operator becomes an algebraic multi-
plication (Diaspro et al., 1990). Image restoration algorithms (deconvo-
lution) aim to invert such equations in order to extract the true measured 
quantity i(x,y,z). Thus a 3D sample reconstruction is possible directly 
by piling up 2D images. Therefore further scale corrections are per-
formed accounting for axial distortion phenomena linked to the refrac-
tive index mismatch.
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The generic considerations for this method evidently demonstrate 
the crucial importance of getting to know the system performance 
under different working conditions, by means of its PSF. This knowl-
edge will extend the possibilities of applying the confocal technique to 
a wide range of studies.

In practice, one wants to fi nd the best estimate, accordingly to some 
criterion, of i(x,y.z) through the knowledge of the observed images, the 
distortion or PSF of the image formation system, and the additive noise 
within a restoration scheme classical for space invariant linear systems 
(Diaspro et al., 1990; Bertero and Boccacci, 1998; Boccacci and Bertero, 
2002). Figure 11–4 shows an example of digital restoration of micro-
scopic data obtained after solving the appropriate set of equations. So 
far, this can be computationally done starting from any data set 
of optical slices. Recently a WWW service, named Power-Up-Your-
Microscope (Diaspro et al., 2002c; Bonetto et al., 2004), has become 
available that produces the best estimate of i(x,y,z) accordingly to the 
acquired data set of optical slices. Interested readers can fi nd informa-
tion and check the service through the webpage http://www.power-
microscope.com for free (Figure 11–4).

Image restoration is needed only to correct PSF distortions that are 
less than in the conventional case. Unfortunately, a drawback occurs. 
In fact, during the excitation process of the fl uo rescent molecules the 
whole thickness of the specimen is harmed by every scan, within an 
hourglass-shaped region (Bianco and Diaspro, 1989). This means that 
even though out-of-focus fl uorescence is not detected, it is generated, 
with the negative effect of potential induction of those photobleaching 
and phototoxicity pheno mena previously mentioned. The situation 
becomes particularly serious when there is the need for 3D and tem-
poral imaging coupled to the use of fl uorochromes that require excita-

Figure 11–4. Comparison between 3D views of a helicoidal biological sample before (left) and after 
(right) image processing utilizing 3D deconvolution strategies as implemented at http://www.power-
microscope.com as the web-based computational facility (Difato et al., 2004).
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tion in the ultraviolet regime (Stelzer et al., 1994; Denk, 1996). As 
earlier reported by König and colleagues (1996a,b), even using UVA 
(320–400 nm) photons may modify the activity of the biological system. 
DNA breaks, giant cell production, and cell death can be induced at 
radiant exposures of the order of magnitude of a few J/cm2, accumu-
lated during 10 scans with a 5-µW laser scanning beam at approxi-
mately 340 nm and a 50-µs pixel dwell time. In this context, TPE of 
fl uorescent molecules provides an immediate practical advantage over 
confocal microscopy (Denk et al., 1990; Potter, 1996; Centonze and 
White, 1998; Gu and Sheppard, 1995; Diaspro, 1998; Piston, 1999; 
Squirrel et al., 1999; Diaspro and Robello, 2000; So et al., 2000; Wilson, 
2002). In fact, reduced overall photobleaching and photodamage are 
generally acknowledged as major advantages of TPE in laser scanning 
micro scopy of biological specimens (Brakenhoff et al., 1996; Denk and 
Svoboda, 1997; Patterson and Piston, 2000) even though photobleach-
ing in the focal plane can be accelerated (Patterson and Piston, 2000). 
However, the excitation intensity has to be kept low considering a 
regime under 10 mW of average power as a normal operation mode. 
When laser power is increased above 10 mW some nonlinear effects 
might arise, evidenced through abrupt rising of the signals (Hopt and 
Neher, 2001). Moreover photothermal effects should be induced, espe-
cially when focusing on single molecule detection schemes (Chirico 
et al., 2003a).

4 Two-Photon Excitation

Let us now move from conventional excitation of fl uorescence 
as used in computational optical sectioning and confocal 
microscopy to a special case of multiphoton excitation, i.e., TPE. 
All considerations can be easily extended to the TPE. The physical 
suppression of contributions from adjacent planes is realized in a 
completely different way, thus moving again to 3D optical sectioning 
ability.

In TPE, two low-energy photons are involved in the interaction with 
absorbing molecules. The excitation process of a fl uorescent molecule 
can take place only if two low-energy photons are able to interact 
simultaneously with the very same fl uorophore. As mentioned in the 
introduction, the time scale for simultaneity is the time scale of molecu-
lar energy fl uctuations at photon energy scales, as determined by the 
Heisenberg uncertainty principle, i.e., 10−16–10−15 s (Louisell, 1973). These 
two photons do not necessarily have to be identical, but their wave-
lengths, λ1 and λ2, have to be such that

 λ
λ λ1

1 2

11 1
P ≅ +( )−

 (5)

where λ1P is the wavelength needed to prime fl uorescence emission in 
a conventional one-photon absorption process according to the energy 
relation given in Eq. (1). This situ ation, compared to the conventional 
one-photon excitation process shown in Figure 11–5, is illustrated using 
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a Perrin–Jablonski-like dia gram. It is worth noting that for practical 
rea sons the experimental choice is usually such that (Denk et al., 1990; 
Diaspro, 2001; Girkin and Wokosin, 2002)

 λ2P = 2λ1P λ1 = λ2 ≈ 2λ1P (6)

and

 ∆E
hc

g
1P

=
2
λ

 (7)

Considering this as a nonresonant process and assuming the existence 
of a virtual intermediate state, the resident time, τvirt, in this intermedi-
ate state should be calculated using the time–energy uncertainty con-
sideration for TPE:

 ∆Eg ⋅ τvirt ≅ h/2 (8)

where h- = h/2π. It follows that

 τvirt ≅ 10−15–10−16 s (9)

This is the temporal window available to two photons to coincide in 
the virtual state.

So far, in a TPE process it is hence crucial to combine sharp spatial 
focusing with temporal confi nement of the excitation beam.

The process can be extended to n-photons requiring higher photon 
densities temporally and spatially confi ned. Thus, near infrared (circa 
680–1100 nm) photons can be used to excite UV and visible electronic 
transitions producing fl uorescence. The typical photon fl ux densities 
are of the order of more than 1024 photons cm−2 s−1, which implies intensi-
ties around MW–TW cm−2 (Goppert Mayer, 1931). An elegant treatment 
in terms of quantum theory for two-photon transition has been pro-
posed by Nakamura (1999) using perturbation. He clearly described the 
process by a time-dependent Schrödinger equation, where the Hamil-
tonian contains electric dipole interaction terms. Using a perturbation 
expansion, the fi rst-order solution is found to be related to one-photon 
excitation while higher order solutions are related to n-photon ones 
(Esposito et al., 2004).

The dependence of TPE on I2 should be evident and is demonstrated 
by using simple arguments (Diaspro and Sheppard, 2002).

Figure 11–5. Perrin–Jablonsky-like diagram illustrating the difference 
between conventional (left) and two-photon (right) excitation (Esposito et al., 
2004). In the second case, photons delivering one-half the energy convention-
ally needed for bringing the fl uorescent molecule to an excited state are used 
(see text).
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The fl uorescence intensity per molecule, If(t), can be considered to 
be proportional to the molecular cross-section δ2(λ) and to the square 
of I(t) as follows:
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where P(t) is the laser power and (NA) is the numerical aperture of 
the focusing objective lens. The last term of Eq. (10) simply takes care 
of the distribution in time and space of the photons by using the par-
axial approximation in an ideal optical system (Born and Wolf, 1980).

It follows that the time-averaged two-photon fl uorescence intensity per 
molecule within an arbitrary time interval T, 〈If(t)〉, can be written as
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in the case of continuous wave (CW) laser excitation.
Now, because the present experimental situation for TPE is related 

to the use of ultrafast lasers, we consider that for a pulsed laser T = 1/fP, 
where fP is the pulse repetition rate. This implies that a CW laser beam, 
where P(t) = Pave, allows transformation of Eq. (11) into
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For a pulsed laser beam with pulse width, τp, repetition rate, fp, and 
average power

 Pave = D ⋅ Ppeak(t)

where D = τp ⋅ fp, the approximated P(t) profi le can be described as
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We can write Eq. (12) as:
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The conclusion here is that CW and pulsed lasers operate at the very 
same excitation effi ciency, i.e., fl uorescence intensity per molecule, 
if the average power of the CW laser is kept higher by a factor of 
1/ τ ⋅ fP . This means that 10 W delivered by a CW laser, allowing the 
same effi ciency of conventional excitation performed at approximately 
10−1 mW, is nearly equivalent to 30 mW for a pulsed laser (Diaspro and 
Chirico, 2002).

5 Fluorescent Molecules under TPE Regime

The above steps lead to the most popular relationship reported below, 
which is related to the practical situation of a train of beam pulses 
focused through a high numerical aperture objective, with a duration 
τp and repetition rate fp. In this case, the probability, na, that a certain 
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fl uorophore simultaneously absorbs two photons during a single pulse, 
in the paraxial approximation, is (Denk et al., 1990)
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where Pave is the time-averaged power of the beam and λ is the excitation 
wavelength. Introducing 1 GM (Goppert-Mayer) = 10−58 (m4⋅s), for a δ2 of 
approximately 10 GM per photon (Denk et al., 1990; Xu, 2002), focusing 
through an objective of NA > 1, an average incident laser power of 
≈1–50 mW, and operating at a wavelength ranging from 680 to 1100 nm 
with 80–150 fs pulsewidth and 80–100 MHz repetition rate, would satu-
rate the fl uorescence output as for one-photon excitation. This suggests 
that for optimal fl uorescence generation, the desirable repetition time 
of pulses should be on the order of a typical excited-state lifetime, which 
is a few nanoseconds for commonly used fl uorescent molecules. For this 
reason the typical repetition rate is around 100 MHz. A further condi-
tion that makes Eq. (15) valid is that the probability that each fl uorophore 
will be excited during a single pulse has to be smaller than one. The 
reason lies in the observation that during the pulse time (10−13 s of dura-
tion and a typical excited-state lifetime in the 10−9 s range) the molecule 
has insuffi cient time to relax to the ground state. This can be considered 
a prerequisite for absorption of another photon pair. Therefore, when-
ever na approaches unity saturation effects start to occur. The use of Eq. 
(15) makes it possible to choose optical and laser parameters that maxi-
mize excitation effi ciency without saturation. In case of saturation the 
resolution declines and the image becomes worse (Cianci et al., 2004). It 
is also evident that the optical parameter for enhancing the process in 
the focal plane is the lens numerical aperture, NA, even if the total fl uo-
rescence emitted is independent of this parameter as shown by Xu 
(2002). This is usually confi ned around 1.3–1.4 as the maximum value. 
Now, it is possible to estimate na for a common fl uorescent molecule like 
fl uorescein that possesses a two-photon cross-section of 38 GM at 780 nm 
(Diaspro and Chirico, 2003).

To this end, we can use NA = 1.4, a repetition rate at 100 MHz, and 
a pulse width of 100 fs within a range of Pave values of 1, 10, 20, and 
50 mW, and substituting the proper values in Eq. (15) we get na ≅ 
5930 ∗ P2

ave. This result for Pave = 1, 20, as a function of 1, 10, 20, and 
50 mW, gives values of 5.93 × 10−3, 5.93 × 10−1, 1.86, and 2.965, respec-
tively. It is evident that saturation begins to occur at 10 mW (Diaspro 
and Sheppard, 2002).

The related rate of photon emission per mole cule, at a nonsaturation 
excitation level, in the absence of photobleaching (Patterson and Piston, 
2000; So et al., 2001), is given by na multi plied by the repetition rate of 
the pulses. This means approximately 5 × 107 photons s−1 in both cases. 
It is worth noting that, when considering the effective fl uorescence 
emission, a further factor given by the so-called quantum effi ciency of 
the fl uorescent molecules should also be considered. At present, the 
quantum effi ciency value is usually known from conventional one-
photon excitation data (Diaspro, 2002).
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Now, even if the quantum-mechanical selection rules for TPE dif-
fer from those for one-photon excitation, several common fl uorescent 
molecules can be used. Unfortunately, knowing the one-photon 
cross-section for a specifi c fl uorescent molecule does not allow any 
quantitative prediction of the two-photon trend, except for a sort of 
“rule of thumb.” This simple rule states that, in general, a TPE cross-
section may be expected to peak at double the wavelength needed for 
one-photon excitation. However, the cross-section parameter has been 
measured for a wide range of dyes (Xu et al., 1995; Albota et al., 1998b; 
Diaspro and Chirico, 2003). It is worth noting that due to the increasing 
dissemination of TPE microscopy, new “ad hoc” organic molecules, 
endowed with large engineered two-photon absorption cross-sections, 
have recently been developed (Albota et al., 1998; Abbotto et al., 2005). 
Figure 11–6 summarizes the pro perties of some commonly used fl uo-
rescent molecules under two-photon excitation (Xu et al., 1995; So 
et al., 2000). TPE fl uorescence from NAD(P)H, fl avoproteins (Piston 
et al., 1995; So et al., 2000), tryptophan, and tyrosine in proteins 
(Lakowicz and Gryczynski, 1992) has been measured. In addition, the 
autofl uorescent biological proteins such as the GFP and its mole cular 
variants are important molecular markers (Chalfi e et al., 1994; Chalfi e 
and Kain, 1998; Potter, 1996; Zimmer, 2002). Their TPE cross-sections 
are between 6 and 40 GM (Blab et al., 2001). As a comparison consider 
that the cross-section for NADH, at the excitation maximum of 700 nm, 
is approximately 0.02 GM (So et al., 2000). Moving to quantum dots 
there is an increase of cross-section up to 2000 GM.

6 Optical Consequences of TPE

In terms of optical consequences the two-photon effect limits the excita-
tion region to within a subfemtoliter volume. The 3D confi nement of the 
TPE volume can be understood with the aid of optical diffraction theory 
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(Born and Wolf, 1980). Using excitation light with wavelength λ, the 
intensity distribution at the focal region of an objective with numerical 
aperture NA = sin(α) is described [see also Eq. (2)] in the paraxial regime 
(Born and Wolf, 1980; Sheppard and Gu, 1990) by

 I u v J v e di u( , ) ( ) ( / )= −∫2 0
2

0

1 22
ρ ρ ρρ  (16)

where rho is a dimensionless radial, Jo is the zeroth-order Bessel func-
tion, ρ is a radial coordinate in the pupil plane, and u = 8π sin2(α/2)z/λ 
and v = 2π sin(α)r/λ are dimensionless axial and radial coordinates, 
respectively, normalized to the wavelength (Wilson and Sheppard, 
1984). Now, the intensity of fl uorescence distribution within the focal 
region has an I(u, v) behavior for the one-photon case and I2(u/2, v/2) 
for the TPE case as demonstrated above. The arguments of I2(u/2, v/2) 
take into proper account the fact that in the latter case wavelengths are 
utilized that are approximatively twice those used for one-photon exci-
tation. As compared with the one-photon case, the TPE intensity dis-
tribution is axially confi ned (Nakamura, 1993; Gu and Sheppard, 1995; 
Jonkman and Stelzer, 2002). In fact, considering the integral over v, 
keeping u constant, its behavior is constant along z for one-photon and 
has a half-bell shape for TPE. This behavior, better discussed in Wilson 
(2002), Torok and Sheppard (2002), and Jonkman and Stelzer (2002), 
explains the three-dimensional discrimination property in TPE.

Now, the most interesting aspect is that the excitation power falls off 
as the square of the distance from the lens focal point, within the 
approximation of a conical illumination geometry. In practice this 
means that the quadratic relationship between the excitation power 
and the fl uorescence intensity results in the fact that TPE falls off as 
the fourth power of distance from the focal point of the objective. This 
fact implies that those regions away from the focal volume of the objec-
tive lens, directly related to the numerical aperture of the objective 
itself, therefore do not suffer photobleaching or phototoxicity effects 
and do not contribute to the signal detected when a TPE scheme is 
used. Because they are simply not involved in the excitation process, a 
confocal-like effect is obtained without the necessity of a confocal 
pinhole. It is also immediately evident that in this case an optical sec-
tioning effect is obtained. In fact, the observed image o(x,y,z) at a plane 
j, produced by the true fl uorescence distribution i(x,y,z) at plane j, dis-
torted by the microscope through s, plus noise n, again corresponds to 
the confocal ideal situation where contributions from adjacent k planes 
can be set to zero as in the confocal situation: oj = ij ∗ sj + n.

This means that TPE microscopy is intrinsically three dimensional. 
It is worth noting that the optical sectioning effect is obtained in a very 
different way with respect to the confocal solution. No fl uorescence has 
to be removed from the detection pathway. In this case it should be 
possible to collect as much fl uorescence is possible. In fact fl uorescence 
can come only and exclusively from the small focal volume traced in 
Figure 11–7, which also shows a comparison with the confocal mode, 
that is of the order of a fraction of a femtoliter.

In TPE over 80% of the total intensity of fl uorescence comes from a 
700- to 1000-nm-thick region about the focal point for objectives with 
numerical apertures in the range of 1.2–1.4 (Brakenhoff et al., 1979; 
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Wilson and Sheppard, 1984; Wilson, 2002; Jonkman and Stelzer, 2002; 
Torok and Sheppard, 2002). This fact implies a reduction in back-
ground that allows compensation of the poorer spatial resolution com-
pared to the single-photon confocal mode due to the longer wavelength 
utilized. However, the utilization of an infrared wavelength instead of 
UV-visible ones also allows deeper penetration than in the conven-
tional case (So et al., 2001; Periasamy et al., 2002; König and Tirlapur, 
2002). The long wavelengths used in TPE, or in general in multiphoton 
excitation, will be scattered less than the ultraviolet–visible wave-
lengths used for conventional excitation (de Grauw and Gerritsen, 
2001). Hence deeper targets within a thick sample can be reached. Of 
course, for fl uorescence light, scattering on the way back can be over-
come by acquiring the emitted fl uorescence using a large area detector 
and collecting not only ballistic photons (Soeller and Cannel, 1999; 
Bauhler et al., 1999; Girkin and Wokosin, 2002).

7 The Optical Setup

A TPE architecture including confocal modality includes the following: 
a high peak-power laser delivering moderate average power (femto second 
or picosecond pulsed at a relatively high repetition rate) emitting infrared 
or near-infrared wavelengths (650–1100 nm), CW laser sources for confo-
cal modes, a laser beam scanning system or a confocal laser scanning 
head, high numerical aperture objectives (>1), a high-throughput 

Figure 11–7. Illustration of the two different modalities for selecting 3D infor-
mation under a confocal (left) and TPE regime (right). In the confocal case the 
selection is realized during the emission process. The different case of two-
photon excitation shows how the 3D selection can be realized during the fl uo-
rescence excitation process.
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microscope pathway, and a high-sensitivity detection system (Denk et al., 
1995; So et al., 1996; Soeller and Cannell, 1996; Wokosin and White, 1997; 
Centonze and White, 1998; Potter et al., 1996; Wolleschensky et al., 1998; 
Diaspro et al., 1999a,b; Wier et al., 2000; Soeller and Cannell, 1999; Tan et 
al., 1999; Mainen et al., 1999; Majewska et al., 2000; Diaspro, 2002; Girkin 
and Wokosin, 2002; Iyer et al., 2002). Figure 11–8 shows a general scheme 
for a TPE microscope incorporating a confocal mode.

In typical TPE or confocal microscopes, images are built by raster 
scanning the x–y mirrors of a galvanometrically driven mechanical 
scanner (Webb, 1996). This fact implies that image formation speed is 
mainly determined by the mechanical properties of the scanner, i.e., for 
single line scanning it is of the order of milli seconds. Faster beam-
scanning schemes can be realized, even if the “eternal triangle of com-
promise” should be considered for sensitivity, spatial resolution, and 
temporal resolution. While the x–y scanners provide lateral focal-point 
scanning, axial scanning can be achieved by means of different posi-
tioning devices, the most popular being a belt-driven system using a DC 
motor and a single objective piezo nano positioner, such as the PIFOC 
(Physik Instrumente, Germany). Usually, it is possible to switch between 
confocal and TPE modes retaining x–y–z positioning on the sample 
being imaged (Diaspro, 2001; Diaspro and Chirico, 2003). Acquisition 
and visualization are generally completely computer controlled by ded-
icated software. Figure 11–9 shows a TPE microscope.

Let us now consider two popular approaches that can be used to 
perform TPE microscopy, namely, the descanned and nondescanned 

Figure 11–8. Optical confi guration for a TPE microscope operating in a descanned (upper inset box) 
and nondescanned (lower inset box) mode; see text. (Courtesy of M. Cannel and C. Soeller.)
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modes. They are skectched in Figure 11–8. The former uses the very 
same optical pathway and mechanism employed in confocal laser 
scanning microscopy. The latter mainly optimizes the optical pathway 
by minimizing the number of optical elements encountered on the 
way from the sample to detectors, and increases the detector area. The 
TPE nondescanned mode provides very good performances giving a 
superior signal-to-noise ratio inside strongly scattering samples 
(Masters et al., 1997; Daria et al., 1998; Centonze and White, 1998; 
So et al., 2000).

In the descanned approach pinholes are removed or set to their 
maximum aperture and the emission signal is captured using an exci-
tation scanning device on the back pathway. For this reason it is called 
the descanned mode. In the latter, the confocal architecture has to be 
modifi ed in order to increase the collection effi ciency: pinholes are 
removed and the emitted radiation is collected using dichroic mirrors 
on the emission path or external detectors without passing through the 
galvanometric scanning mirrors. A high-sensitivity detection system 
is another critical issue (Wokosin et al., 1998; So et al., 2000; Girkin and 
Wokosin, 2002).

The fl uorescence emitted is collected by the objective and transferred 
to the detection system through a dichroic mirror along the emission 
path (Figure 11–8). Due to the high excitation intensity, an additional 
barrier fi lter is needed to avoid mixing the excitation and emission light 
at the detection system that is differently placed depending on the 
acquisition scheme being used. Photodetectors that can be used include 
photomultiplier tubes, avalanche photodiodes, and CCD cameras 
(Denk et al., 1995; Murphy, 2001). Photomultiplier tubes are the most 
commonly used. This is due to their low cost, good sensitivity in the 
blue-green spectral region, high dynamic range, large size of the sensi-
tive area, and single-photon counting mode availability (Hamamatsu 
Photonics, 1999). They have a quantum effi ciency around 20–40% in 
the blue-green spectral region that drops down to <1% moving to the 
red region. This is a good condition, especially in MPE mode, because 
it is desirable to reject as much as possible wavelengths above 680 nm 

Figure 11–9. The TPE setup at LAMBS, Micro ScoBio Research Center of the 
University of Genoa (from left to right: Ilaria Testa, Paolo Bianchini, and 
Davide Mazza).
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that are mainly used for excitation. Another advantage is that the large 
size of the sensitive area of photomultiplier tubes allows effi cient col-
lection of signal in the nondescanned mode within a dynamic range 
of the order of 108. Avalanche photodiodes are excellent in terms of 
sensitivity exhibiting quantum effi ciency close to 70–80% in the visible 
spectral range. Unfortunately they are high in cost and the small active 
photosensitive area, <1 mm size, could introduce drawbacks in the 
detection scheme and requires special descanning optics (Farrer et al., 
1999). CCD cameras are used in video rate multifocal imaging (Fuijta 
and Takamatsu, 2002; Girkin and Wokosin, 2002). However, once the 
best quality image possible has been obtained then image restoration 
algorithms can be applied to enhance the features of interest to the 
biological researcher and to improve the quality of data to be used 
for three-dimensional modeling, such as those used for single-
photon optical sectioning microscopy, available at http://www.
powermicroscope.com (van der Voort et al., 1995; Shotton, 1995; Diaspro 
et al., 1990, 2000; Boccacci and Bertero, 2002; Carrington, 2002; Difato 
et al., 2004; Bonetto et al., 2004).

Laser sources, as often happened in optical microscopy, represent an 
important resource, especially in fl uorescence microscopy (Gratton 
and van de Ven, 1995; Svelto, 1998). For nonresonant TPE, owing to the 
comparatively low TPE cross-sections of fl uorophores, high photon fl ux 
densities are required, >1024 photons cm−2 s−1 (König, 2000). Using radia-
tion in the spectral range of 600–1100 nm for TPE, excitation intensities 
in the MW–GW cm−2 range are required. This high energy can be 
obtained by the combined use of focusing lens objectives and CW 
(Hanninen and Hell, 1994; König et al., 1995) or pulsed (Denk et al., 
1990) laser radiation of 50 mW mean power or less (Girkin and Wokosin, 
2002; Diaspro and Sheppard, 2002). TPE microscopes have been real-
ized using CW, femtosecond, and picosecond laser sources (Periasamy, 
2001; Diaspro, 2001, 2002; Masters, 2002). Since the original successful 
experiments in TPE microscopy, advances have been made in the tech-
nological fi eld of ultrashort pulsed lasers. Today laser sources suitable 
for TPE can be described as “turnkey” compact systems (Fisher et al., 
1997; Wokosin et al., 1996; Diaspro, 2001).

Figure 11–10 shows a new generation ultrafast Ti:sapphire laser 
source. The emission range between 700 and 1050 nm of the Ti:sapphire 
laser allows a large number of commonly used fl uorescent molecules 
to be excited. Other laser sources used for TPE are Cr-LiSAF, pulse-
compressed Nd-YLF in the femtosecond regime, and mode-locked 
Nd-YAG and picosecond Ti-sapphire lasers in the picosecond regime 
(Gratton and Van de Ven, 1995; Wokosin et al., 1996). Most of the laser 
sources used for TPE operate in a mode-locking mode. This endows 
the laser with the ability to generate a train of very short pulses by 
modulating the gain or excitation of a laser at a frequency with a period 
equal to the roundtrip time of a photon within the laser cavity (Fisher 
et al., 1997; Svelto, 1998) (Figure 11–11). The resulting pulsewidth is in 
the 50–150 fs regime. The parameters that are more relevant in the 
selection of the laser source are average power, pulsewidth and re-
petition rate, and wavelength also according to Eq. (15). The most 
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popular features for an infrared pulsed laser are 700 mW–1 W average 
power, 80–100 MHz repetition rate, and 100–150 fs pulse width.

At present, the use of short pulses and small duty cycles are manda-
tory to allow image acquisition in a reasonable time while using power 
levels that are biologically tolerable (Denk et al., 1994; Denk, 1996; 
Koester et al., 1999; König et al., 1996, 1998; König, 2000; König and 
Tirlapur, 2002). To minimize pulse width dis persion problems König 
(2000) suggested work ing with pulses around 150–200 nm, and this 
constitutes a very good compromise both for pulse stretching and 
sample viability. It should always be remembered that a shorter pulse 
broadens more than a longer one. Pulse width measurement is a very 
delicate issue. In fact, because it is not very easy to measure it at the 
focal volume within the sample, little can be defi nitely said about it 
(Hanninen and Hell, 1994; Guild et al., 1997; Wolleschensky et al., 2002). 
Although users do not perform measurement of the pulse width at the 

Figure 11–10. Typical laser sources in use for TPE microscopy.

Figure 11–11. Laser emission time scale for TPE excitation: a short pulse at 
high photon density is released for approximately 100 fs; this laser shot is able 
to prime fl uorescence without damaging the sample so fl uorescence occurs in 
the next few nanoseconds. The laser is silent for 10 ns and then delivers a new 
high-density photon pulse. This modality allows TPE to be experienced at 
tolerable time-averaged power (see text).
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sample when they use two-photon microscopy, which would require 
a specifi c procedure that, even if not too complex for a researcher in 
the fi eld, could be irksome for the majority of users, it is a reasonable 
approximation to assume that at the focal volume, 1.5–2. times tempo-
ral pulse broadening occurs using high-quality optics (Wolleschensky, 
2002; Girkin and Wokosin, 2002). As an example, for a measured laser 
pulse width of about 100 fs, an estimate at the sample is about 150–180 fs 
under favorable experimental conditions, sample characteristics 
included. Sample properties are mentioned because for thick samples 
the role played by thickness, also in terms of pulse width broadening, 
is not so obvious (de Grauw and Gerritsen, 2002; So et al., 2001; Gu 
et al., 2000; Saloma et al., 1998).

8 Conclusion

Confocal microscopy, in the authors’ opinion, constitutes one of the 
most signifi cant advances in optical microscopy within the past 
decades, and has become a powerful investigative tool for the molecu-
lar, cellular, and developmental biologist, the materials scientist, the 
biophysicist, and the electronic engineer. It is entirely compatible with 
the range of “classical” light microscopic techniques, and, at least in 
scanned beam instruments, can be applied to the same specimens on 
the same optical microscope stage. Its peculiar advantages result in its 
ability to generate multidimensional (x–y–z–t) images by noninvasive 
optical sectioning with a virtual absence of out-of-focus blur, its capac-
ity for multiparametric imaging of multiply labeled samples, and its 
property of investigating at microscopic resolution large objects as a 
result of the rejection of scattered light. So far, the advent of confocal 
microscopy in the mid-1980s favored the rapid spreading of two- and 
multiphoton excitation microscopy, since Denk’s report at the begin-
ning of the 1990s, bringing dramatic changes in designing experiments 
that utilize fl uorescent molecules and, more specifi cally, in fl uorescence 
3D optical microscopy.

While confocal microscopy is moving to spectral and fast-scanning 
architectures in terms of acquisition, it is mainly two-photon micro-
scopy that occupies the scene of advances in fl uorescence optical 
microscopy. TPE micro scopy, with its intrinsic three-dimensional reso-
lution, the absence of background fl uorescence, and the attractive pos-
sibility of exciting UV excitable fl uorescent molecules, thus increasing 
sample penetration, constitutes signifi cant progress in science. In fact, 
in a TPE scheme two 720-nm photons combine to produce the very 
same fl uorescence conventionally primed at ∼360 nm, and to be utilized 
in a classical confocal microscope using conventional excitation of fl uo-
rescent molecules. The excitation of the fl uorescent molecules bound 
to the specifi c components of the biological systems being studied 
mainly takes place (80%) in an excitation volume of the order of mag-
nitude of 0.1 fl . This results in an intrinsic 3D optical sectioning effect. 
What is invaluable for cell imaging and, in particular, for live-cell 
imaging is the fact that weak endogenous one-photon absorption and 



 Chapter 11 Two-Photon Excitation Fluorescence Microscopy 775

highly localized spatial confi nement of the TPE process dramatically 
reduce phototoxicity stress. To summarize the unique characteristics 
and advantages of TPE we recall the following properties:

1. Spatially confi ned fl uorescence excitation in the focal plane of the 
specimen can be con sidered the key feature of TPE microscopy. It is one 
of the advantages over confocal micro scopy, where fl uorescence emis-
sion occurs across the entire thickness of the sample being excited by the 
scanning laser beam. A strong implication is that there is no photon 
signal from sources out of the geometric position of the optical focus 
within the sample. Therefore, the signal-to-noise ratio increases, photo-

Figure 11–12. Multiple excitation of three fl uorescent dyes using 740 nm under a TPE regime. The 
conventional excitation would have required the utilization of 360 or 405 nm, 488 nm, and 543 nm laser 
lines. The fi nal image (lower right quadrant) is realized by merging the three subsets. (This image has 
been acquired by students of the Biotechnology School during the course of Advanced Microscopy 
Techniques activated at the University of Genoa, academic year 2005. Advisors: Grazia Tagliafi erro 
and Alberto Diaspro.) (See color plate.)
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degradation effects decrease, and optical sectioning is immediately 
available without the need for pinhole or deconvolution algorithms. In 
addition, very effi cient acquisition schemes can be implemented such as 
the nondescanned one operating at an excellent signal-to-noise ratio.

2. The use of near-infrared (IR)/IR wavelengths permits examina-
tion of thick specimens in depth. This is due to the fact that, apart from 
some cases such as pigmented samples and portions of the absorption 
spectral window of water, cells and tissues absorb poorly in the near-
IR/IR region. Cellular damage is globally minimized, thus allowing 
cell viability to be prolonged with long-term 3D sessions. Moreover, 
scattering is reduced and deeper targets can be reached with fewer 
problems than in one-photon excitation. The depth of penetration can 
be up to 0.5 mm. In addition, whereas in one-photon excitation, the 
emission wavelength is comparatively close to the excitation one (about 
50–200 nm longer), in TPE the fl uorescence emission occurs at a wave-
length substantially shorter and at a larger spectral distance than in 
one-photon excitation. Thus separation of the excitation light and the 
emitted light can be easily performed.

Continuing research in this fi eld is focused on very intriguing prob-
lems (www.focusonmicroscopy.org offers a complete scenario of the 
evolution of three-dimensional microscopy in the past 5 years) such as 
local heating from absorption of IR light by water at high laser power 
(Schonle and Hell, 1998) and photothermal effects on fl uorescent mol-
ecules (Chirico et al., 2003a), phototoxicity from long wavelength IR 
excitation and short wavelength fl uorescence emission (König et al., 
1996c; Tyrrel and Keyse, 1990; König, 2000; Hopt and Neher, 2001; 
König and Tirlapur, 2002), photoactivation and photocycling of visible 
fl uorescent proteins (Post et al., 2004; Chirico et al., 2004; Schnedier 
et al., 2005), development of new fl uorochromes better suited for TPE 
and multiphoton excitation (Albota et al., 1998a; Abbotto et al., 2005), 
and the investigation of the cross-sections of uncharacterized mole-
cules (Gostkowski et al., 2004; Wokosin et al., 2004).

One of the major benefi ts in setting up an MPE microscope is the 
fl exibility in choosing the measurement modality favored by the 
simplifi cation of the optical design. In fact, a TPE microscope offers a 
greater variety of measurement options without changing any optics 
or hardware. This means that during the very same experiments real 
multimodal information can be obtained from the specimen being 
studied (Zoumi et al., 2002; Wang et al., 2004). Moreover, the usefulness 
of the TPE scheme for spectroscopic and lifetime studies (So et al., 
1996; Sytsma et al., 1998; Schwille et al., 2000; Diaspro et al., 2001; 
Wiseman et al., 2002), for optical data storage and microfabrication 
(Cumpston et al., 1999; Kawata et al., 2001), and for single molecule 
detection (Mertz et al., 1995; Farrer et al., 1999; So et al., 2000; Chirico 
et al., 2001; Cannone et al., 2003b) has been well documented. Other 
very interesting applications involve the study of impurities affecting 
the growth of protein crystals (Caylor et al., 1999), TPE imaging in the 
fi eld of plant biology (Tirlapur and König, 2002), and measurements in 
living systems (Squirrel et al., 1999; Yoder and Kleinfeld, 2002; Diaspro 
et al., 2002b,d; Post et al., 2004). Here the combination of MPE and 
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second-harmonic generation offers the opportunity to investigate the 
morphometric properties on the basis of the microstructure of blood 
cells (Zoumi et al., 2004). Another promising fi eld is the investigation 
of complex formation where the TPE properties will improve the infor-
mation accessible (Heinze et al., 2004). Another, more indirect usage 
that provides a look at the sample with nanometer resolution is the 
excitation of an evanescent wave at a metal surface (Novotny et al., 
1998). For microscopic purposes the evanescent wave needs to be local-
ized at a nanoparticle or a fi ne metal tip (Sánchez et al., 1999; Gerton 
et al., 2004). The MPE microscope can also be used as an active device, 
with increasing applications related to nanosurgery (König, 2000), 
selective uncaging of caged compounds (Diaspro et al., 2003), and 
photodynamic therapy (Bhalwalkar et al., 1997; So et al., 2000). Recently 
TPE microscopy, even if in an evanescent-fi eld-induced confi guration, 
has been extended to large area structures of the order of square cen-
timeters (Duveneck et al., 2001). This has application in the realization 
of biosensing platforms such as genomic and proteomic microarrays 
based upon large planar waveguides. It is easy to perceive that the 
range of applicability of MPE microscopes is rapidly increasing in the 
biomedical, biotechnological, and biophysical sciences and is expand-
ing to clinical applications (Diaspro, 2002; Masters, 2002; Periasamy 
and Diaspro, 2003).
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12
Nanoscale Resolution in Far-Field 
Fluorescence Microscopy
Stefan W. Hell and Andreas Schönle

1 Introduction

The discovery of the diffraction barrier in 1873 by Ernst Abbe (1873) has 
shown that, relying on propagating light waves and regular lenses, the 
traditional light microscope cannot resolve spatial structures that are 
smaller than about half the wavelength of the focused light. This physi-
cal insight has been accepted as an unalterable limitation of focusing 
light microscopy and has consequently triggered the invention of non-
optical imaging techniques, such as electron and scanning probe 
microscopy. In spite of the tremendous improvement in resolution 
brought about by these methods, light microscopy has maintained its 
importance in many fi elds of science. The reasons are mainly a number 
of exclusive advantages, the most prominent of which is the ability to 
noninvasively image (living) specimens. Light microscopy also entails 
the possibility of using fl uorescence as a highly specifi c signature of the 
specimen features of interest. Fluorescence is particularly attractive 
when provided by endogenous fl uorescence markers, i.e., proteins in 
physiologically intact cells. Mapped with a confocal or multiphoton 
excitation microscope (Sheppard and Kompfner, 1978; Wilson and 
Sheppard, 1984; Denk et al., 1990), fl uorescence emission readily yields 
protein three-dimensional (3D) distributions, or that of other fl uores-
cently labeled molecules from the strongly convoluted inside of biologi-
cal specimens.

Abandoning the concept of focusing light altogether, near-fi eld 
optical microscopy is the earliest practically relevant attempt to over-
come the diffraction barrier with visible light (Pohl and Courjon, 1993). 
To this end, scanning near-fi eld optical microscopes employ ultrasharp 
tips or tiny apertures to confi ne the interaction of the light fi eld with 
the object to subdiffraction dimensions. However, applying this tech-
nique to soft biological matter has not been very successful to date and 
it has to be applied carefully to avoid imaging artifacts (Hecht et al., 
1997). In any case, a near-fi eld optical microscope is confi ned to imag-
ing surfaces, again underscoring the importance of improving the 
resolution in an optical microscope that still preserves focusing. For 
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convenience we refer to the traditional light microscope as a “far-fi eld” 
instrument.

This formidable problem has been approached by many scientists 
(Toraldo di Francia, 1952; Lukosz, 1966), but only in recent years have 
methods been characterized (Hell and Kroug, 1995; Hell, 1997, 2003) 
that effectively broke Abbe’s diffraction barrier, implying the potential 
to attain molecular resolution with regular lenses and visible light 
(Hell et al., 2003; Hell, 2003; Westphal and Hell, 2005).

2 The Resolution Limit

The limited resolution of a focusing light microscope is readily 
described by the form and extent of the effective focal spot, commonly 
referred to as the (effective) point spread function (PSF). The PSF is the 
image that an infi nitely small object would create. For an incoherent 
imaging mode such as fl uorescence, the image is therefore given by the 
convolution of the object with the PSF:

 I = h ⊗ G (1)

Here I, h, and G denote the image, the PSF, and the object, respectively, 
with the object consisting of, e.g., a distribution of fl uorophores in 
space. The convolution actually means that the object is “smeared out” 
by the focal spot. While a careful analysis of the imaging properties 
requires a detailed analysis of the PSF, for PSFs with a single peak, 
assessing the full width half maximum (FWHM) usually gives a good 
estimate of the microscope’s resolution. If identical molecules are 
within the FWHM distance, the molecules cannot be separated in the 
image. Therefore, it becomes evident that improving the resolution is 
largely equivalent to narrowing the PSF of the microscope.

In a conventional fl uorescence microscope, the FWHM of the PSF 
is about λ/(2n sin α) = λ/(2 NA), with λ denoting the wavelength, n 
the refractive index, α the semiaperture angle, and NA the numerical 
aperture of the lens. Without changes to the principal method, the 
spot size can only be decreased by using shorter wavelengths 
or larger aperture angles (Abbe, 1873; Born and Wolf, 1993). However, 
the lens half-aperture is technically limited to ∼70° and the wave-
length λ cannot be reduced below 350 nm because shorter wavelengths 
are not compatible with live cell imaging. In the best case, established 
far-fi eld microscopes resolve 180 nm in the focal plane (x,y) and merely 
500–800 nm along the optic axis (z) (See Figure 2–1a) (Pawley, 1995). 
All attempts to improve the resolution by a mere improvement of the 
optical components remain limited by diffraction. This is arguably 
better understood in the frequency domain. Here, the resolving power 
is described by the optical transfer function (OTF) giving the strength 
with which these spatial frequencies are transferred from the object 
to the image. The OTF is readily computed as the Fourier transform 
of the PSF (Wilson and Sheppard, 1984; Goodman, 1968). Due to the 
convolution theorem, Eq. (1) becomes

 Î  = ĥĜ = oĜ (2)
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where the hat signifi es a 3D Fourier transform and o is the OTF. Due 
to the multiplication on the right hand side it is evident that even under 
optimal imaging conditions, object frequencies are lost where the OTF 
is zero. This loss is physically irrecoverable. Hence, the ultimate resolu-
tion limit is given by the highest frequency where the OTF is nonzero, 
i.e., the extent of the support of the OTF.

The highest spatial frequency produced by a (quasi)monochromatic 
wave passing through the setup is k = 2πn/λ. For focused light, the 
Fourier transform of its electric fi eld, C(k), is therefore given by a 
spherical cap with radius k, as seen in Figure 12–2. The excitation prob-
ability is well approximated by the absolute square of the electric fi eld, 
corresponding to an autocorrelation in frequency space. This signifi es 
that frequencies of up to 2k are contained in the excitation OTF. 
However, resolving optics can be employed both in the illumination 
and the detection path. This introduces a spatially varying detection 
probability for the emitted fl uorescence. Since the phase of the illumi-
nating light is lost during excitation, fl uorescence is emitted incoher-
ently. Therefore the effective PSF is given by the multiplication of the 
excitation PSF with its normalized detection counterpart, i.e., the 
detection PSF (Wilson and Sheppard, 1984), which is equivalent to a 

Figure 12–1. (a) The wavefront 
created by a single lens is a 
spherical cap. For the highest 
available semiaperture angle 
(∼70°), diffraction theory dic-
tates an elongated spot along 
the optic axis (z) that is approxi-
mately three times longer than 
it is wide (xy). The elongation 
can also be explained by the fact 
that the wavefront is only a cap 
rather than a sphere, bringing 
about an asymmetry of the 
focusing process. (b) Coherent 
addition of two spherical wave-
fronts created by opposing 
lenses completes a major part of 
the missing wavefront toward a 
more spherical one, which is the 
tenet of the “4Pi concept.” (c) 
The central focal spot, i.e., the 
main diffraction maximum, 
becomes more spherical as a 
result. However, because the 
wavefront is not approaching a 
sphere side-maxima appear 
along the optic axis.

a)

b)

c)
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convolution in frequency space. Thus the achievable cutoff is at 2kex + 
2kdet where kex and kdet are the frequencies corresponding to the excita-
tion and detection wavelengths in the medium, respectively.

These considerations are illustrated in Figure 12–2. As an example, 
if fl uorescence is excited at 488 nm and detected at around 530 nm, 
the cutoff is given by (2n/488 nm + 2n/530 nm)−1 ≅ 127 nm/n, 

b)

a)

c)

E-Field Exct. & Det. Effective

C ox o
~C C oex odet

kr

kz

kr

kz
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confocal

'ideal'

4Pi type C

Figure 12–2. OTF supports in frequency space. (a) For a single lens, the Fourier 
transform of the electric fi eld, C(k), is a spherical cap with a cutoff angle deter-
mined by the aperture angle of the objective lens, which has been technically 
limited to <70°. Excitation and detection (intensity) PSFs depend on the abso-
lute square of the electric fi eld; hence, the respective OTFs are given by the 
autocorrelation of the cap. Finally, in a confocal fl uorescence microscope, the 
effective PSF is given by the product of the excitation and detection (intensity) 
PSF. Its OTF is therefore the convolution of the corresponding excitation and 
detection OTF, resulting in a squeezed OTF along the z direction accounting 
for the degraded axial resolution. (b) With a scalar fi eld a truly spherical 
wavefront could ideally be generated. The autocorrelation of such a complete 
spherical shell is nonzero within a sphere of radius 2k. Convolution of the 
excitation and detection OTFs again results in a spherical OTF support of 
radius 2kex + 2kdet, which is tantamount to isotropic resolution. This radius 
defi nes the theoretical resolution limit of all microscopes in which the resolu-
tion is solely created by the optical arrangement and in which the phase of 
light is lost at the sample, as in the excitation–emission process. (c) The 4Pi 
microscope of type C with coherent excitation and detection through both 
lenses with large aperture angles generates the largest wavefront currently 
achievable in practice. For the highest available cutoff angles of approximately 
70° this results in an almost spherical effective OTF. The resulting resolution 
is very close to the possible limit. While a semiaperture angle somewhat 
greater than 70° would still give a better coverage, the study also shows that 
the true solid angle of 4π is actually not required to gain the desired improve-
ment in axial resolution. The putative use of aperture angles approaching 80° 
and higher is also complicated by the transverse nature of electromagnetic 
waves.
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corresponding to approximately 83 nm for oil and 96 nm for water 
immersion. Therefore, all far-fi eld light microscopes relying solely on 
improvements of the instrument have an ultimate resolution limit of 

frequencies are transmitted and restored in the image. This theoretical 
benchmark is indeed almost achieved by the 4Pi microscope described 
in more detail later (Egner et al., 2002; Hell et al., 1997).

To overcome this fundamental limit, higher frequencies need to be 

ties in the interaction of the excitation light with a dye: For example, 
when using multiphoton (m-photon) excitation, the probability of pro-
ducing a fl uorescence photon depends on the mth order of the illumina-
tion intensity (Sheppard and Kampfner, 1978; Göpper-Mayer, 1931; 
Bloembergen, 1965). The original excitation OTF will be convolved m 
times with itself, thus extending the support region to m times higher 
frequencies. Therefore, it has sometimes been argued that superresolu-
tion can be attained by multiphoton excitation. It is, however readily 
understood why the resolution limit cannot really be pushed (Denk 
et al., 1990). While it is true that the excitation volume is narrower than 
the focal spot, which is due to the nonlinear dependence, using m-
photon excitation to excite the same dye also means that the excitation 
energy has to be split between the photons (Denk et al., 1990). Conse-
quently the photons have an m times lower amount of energy, thus an 
m times longer wavelength mλex, which results in m times larger focal 
spots to begin with. Consequently, the theoretical cutoff remains equal 
at 2m(kex/m) + 2kdet = 2kex + 2kdet. The multiplication by m stems from 
the m correlations or convolutions in frequency space and the division 
from the longer excitation wavelength. Obviously, this equally holds for 
excitation with several photons of different energies such as two-color 
two-photon excitation (Lakowicz et al., 1996). However, in the case of 
multiphoton excitation, higher frequencies within the support are 
usually damped, making the resolution poorer as compared to the 1-
photon case. Multiphoton excitation is therefore not a viable option for 
signifi cantly increasing the resolution. In addition, multi photon excita-
tion, especially for m > 3, requires very high intensities (Xu et al., 1996) 
leading to damage to the sample. Bleaching is largely restricted to the 
focal plane, but there it can be much stronger than for one-photon exci-
tation. For some dyes, however, the excitation wavelength can be chosen 
to be shorter than mλex and when imaging deep into scattering samples 
such as brain slices, multiphoton imaging can feature a superior signal-
to-noise ratio (SNR). In these cases, multiphoton excitation is a valuable 
method for reasons unrelated to the classical resolution issue.

Recognizing that the energy subdivision prevents any resolution 
increase, “multiphoton” concepts have been proposed, where the detec-
tion of a photon occurs only after the consecutive absorption of multiple 
excitation photons. Since the photons induce a linear optical transition 
in the dye, high intensities are not required and photon-energy subdivi-
sion does not occur (Hänninen et al., 1996; Schönle et al., 1999; Schönle 
and Hell, 1999). However, these concepts require specifi c conditions or 
complicated dye systems, also complicating their practical realization.

just below 100 nm in all directions, even when all conceivable spatial 

generated. Obviously this can be achieved by introducing nonlineari-
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A radically different concept for improving the far-fi eld fl uorescence 
microscopy resolution appeared in the mid-1990s in the form of stimu-
lated emission depletion (STED) and ground state depletion (GSD) 
microscopy (Hell and Wichmann, 1994; Hell and Kroug, 1995). Both 
concepts were based on one common principle: The required nonlin-
earities in the relationship between the irradiating light and the signal 
detected from the dye are provided by a spatially modulated reversible 
saturable optically linear ( f luorescence) transition between two molec-
ular states (RESOLFT). Since there is no physical limit to the degree of 
saturation, there is no longer a theoretical limit to the resolution. The 
limit is largely the size of the marker molecule itself. Therefore, con-
cepts based on the RESOLFT principle, such as STED or GSD micros-

operation they can achieve nanoscale resolution in all directions (Hell, 
1997; Hell et al., 2003; Heintzmann et al., 2002).

increase, an introduction to the general idea will follow in the second 
part of this chapter, and we shall outline different possibilities for real-
izing the RESOLFT concept. We will see that initial applications of 
RESOLFT-based superresolution microscopy have recently yielded 
encouraging results, such as the fi rst demonstration of a spatial resolu-
tion of λ/25 with focused light using regular lenses (Westphal et al., 
2003). A potential road map toward imaging with nanometer resolu-
tion in live cells will be discussed, opening the prospect of bridging 
the gap between electron and current light micro scopy, and providing 
a “nanoscope” working with focused light.

3 Axial Resolution Improvement by Aperture 
Enlargement: 4Pi Microscopy and Related Approaches

Figure 12–2 illustrates that the suboptimal axial resolution of a far-fi eld 
light microscope can readily be motivated by the fact that the focusing 
angle of the objective lens is far from covering a full solid angle of 4π. 
The axially elongated PSF evidently also implies an axially compressed 
OTF. If the focused wavefronts were almost spherical, so would the 
focal spot, as well as the OTF of the system. In this case, the resolution 
would be largely isotropic. Therefore, an obvious way to achieve 
optimal optical resolution is to synthesize a focusing angle that comes 
closer to the solid angle of 4π. Since the focusing angle of a lens is 
limited by technical constraints, a larger wavefront can be obtained 
only by pasting together two or more wavefronts. A wavefront synthe-
sis sharpening the focus along the optic axis is attained by employing 
two opposing lenses (Figure 12–1) that either coherently illuminate the 
sample from both sides or that detect the light through both lenses in 
a coherent manner (Hell, 1990; Hell and Stelzer, 1992a; Gustafsson 
et al., 1995). The resultant support of the OTF is displayed in Figure 
12–2c. In the spatial domain the effect can be pictured as two counter-
propagating focused beams interfering either at the focal spot or at a 
common point at the detector, for the illumination and the detection, 

Fundamentally departing from earlier approaches to resolution 

copy, truly break the diffraction barrier. Due to their principles of 
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respectively. For the common high-angle lenses with a semiaperture 
64° < α < 72°, constructive interference produces a maximum with an 
approximately three to four times narrower axial FWHM. The basic 
idea of the 4Pi microscope is to produce and take advantage of this 
axially narrowed PSF. Due to the fact that the semiaperture angle α is 
considerably smaller than 90°, the main maximum is also accompanied 
by one or two axial satellite lobes originating from the “missing lateral 
part” of a potentially full solid angle (Figure 12–1c).

Importantly, the narrowed main focal maximum is not λ/(4n), as 
would be anticipated for a fl at standing wave, but somewhat larger. By 
the same token, the side maxima are not located at mλ/(2n), (m = 0, 1, 
2, 3  .  .  .), but slightly farther away from the focal point, constantly 
decreasing in height with increasing order. As we shall see later, this 
difference is essential to the axial resolution improvement brought 
about by the coherent use of two opposing lenses and the actual reason 
why it is not possible to improve the axial resolution just by the inter-
ference of counterpropagating plane waves (Lanni, 1986; Bavley et al., 
1993). The latter is the tenet of the standing wave microscope (SWM), 
which utilizes a fl at standing wave of laser light and thus a set of exci-
tation nodal planes in the sample along the optic axis. The SWM uses 
wide-fi eld detection on a camera, like any conventional fl uorescence 
microscope; the fl at standing wave of excitation light is produced either 
with a mirror beneath the sample or by adding counterpropagating 
waves from two lenses. A substantial increase in axial resolution has 
initially been claimed by SWM. However, the resulting multiple thin 
interference layers in a sample (Lanni, 1986) do not unambiguously 
resolve features extending over a minimal axial range that is larger 
than half the wavelength (0.2–0.4 µm) (Krishnamurthi et al., 1996; 
Freimann et al., 1997). While SWM might prove useful for specialized 
applications, it fails in delivering axial images of arbitrary objects 
(Nagorni and Hell, 2001a, 2001b). An explanation for this is that the 
interference excitation maxima have almost equal intensity, leading to 
strongly blurred “ghost images.” The deeper-rooted physical reason is 
that SWM does not increase the aperture of the system. This can be 
readily observed when analyzing the SWM in the frequency space 
(Figure 12–3). The excitation OTF has only three delta peaks located at 
−k, 0, and k on the inverse optical axis. When convolved with the detec-
tion OTF, large gaps remain in the support of the effective OTF repre-
senting potential object frequencies that are not transferred from the 
object to the image.

It is a major physical insight (into the problem of axial resolution 
improvement with coherently used opposing lenses) that these gaps 
can be closed only when the light is focused, that is with spherical wave-
fronts. Focusing to the same point requires the accurate alignment of 
the two lenses, but the real physical challenge is to identify feasible 

the side-maxima still present when focusing at 64° < α < 72°. Reduction 
of the contribution from the side-maxima is equivalent to completing 
the support of the OTF and eventually to avoiding imaging artifacts. 
When spot-scanning confocal and nonconfocal 4Pi microscopy (Hell, 1990; 

mechanisms helping to further reduce the fl uorescence contributed by 
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Hell and Stelzer, 1992b) (Figure 12–3) and wide-fi eld I5M micro scopy 
(Gustafsson et al., 1995) fi nally demonstrated the improvement of axial 
resolution (Hell et al., 1997; Schrader and Hell, 1996; Gustafsson, 1999; 
Gustafsson et al., 1999), each method used lenses with high numerical 
aperture and relied at least on one of the following three lobe-reducing 
mechanisms: (1) Using both focused excitation and confocal detection 
(Hell, 1990; Hell and Stelzer, 1992a) suppresses fl uorescence from 
higher order side lobes of the excitation PSF; (2) two-photon excitation 
(TPE) (Hell and Stelzer, 1992b) emphasizes differences in the intensities 
of the main and the side-maxima due to its quadratic dependence on 
the excitation intensity; and (3) fi nally, spatial disparities between the 
maxima of excitation and fl uorescence wavelengths can be used (Hell 
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Figure 12–3. Comparison of the supports of excitation (left column), detection 
(middle column), and effective OTFs for techniques using two opposing lenses 
coherently. The effective OTF is the convolution of the excitation and detection 
OTFs. For two-photon excitation in the 4Pi mode, the Fourier transform of the 
excitation intensity is given by the excitation OTF of the 4Pi type C microscope 
but scaled by 488 nm/800 nm = 0.61. The excitation OTF is therefore very 
similar to the effective OTF of 4Pi type C. Note the gaps in the support of the 
SWM microscope’s effective OTF.
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and Stelzer, 1992b; Gustafsson et al., 1995) if light is detected coherently 
through both lenses. That is, the intensity maxima for excitation and 
detection are located at different points in space.

Three major types of 4 Pi microscopy have been reported (Hell and 
Stelzer, 1992a). They differ on whether the spherical wavefronts are 
coherently added for illumination, for detection, or for both simultane-
ously; they are referred to as type A, B, and C, respectively. Usually 
the detection has been confocalized, but in conjunction with TPE suc-
cessful axial separation with nonconfocal detection has also been 
reported. Here we will concentrate on the TPE 4 Pi (type A), the 4 Pi 
type C, and the TPE 4 Pi type C confocal microscopes. Of these three, 
the TPE 4 Pi confocal microscope has been applied to the largest number 
of imaging problems. It uses the very effective lobe-reducing measure 
of TPE combined with “point-like” detection. In reality the size of the 
“point-like” detector amounts to about the size of the main maximum 
of the diffraction-limited fl uorescence spot (Airydisk), when imaged 
into the focal plane of the objective lens.

Clearly, nonconfocal wide-fi eld detection and regular illumination 
would make 4 Pi micro scopy more versatile. Therefore, the related 
approach of I5M (Gustafsson et al., 1995, 1996, 1999; Gustafsson, 1999) 
confi nes itself to using the simultaneous interference of both the excita-
tion and the (Stokes-shifted) fl uorescence wavefront pairs; the latter 
are spherical as in a 4 Pi microscope. The potential benefi ts of I5M are 
readily stated: single-photon excitation with arguably less photobleach-
ing, an additional 20–50% gain in fl uorescence signal, and lower cost. 
This method has so far yielded 3D images of actin fi laments with an 
axial resolution slightly better than 100 nm in fi xed cells (Gustafsson 
et al., 1999). To remove the side-lobe artifacts, I5M-recorded data are 
deconvolved offl ine. While the consideration of the OTF support in 
Figure 12–3 suggests that this single mechanism is indeed suffi cient, it 
turns out that the relaxation of the side-lobe suppression comes at the 
expense of an increased vulnerability to sample-induced aberrations, 
especially with nonsparse objects (Nagorni and Hell, 2001a, 2001b). 
Thus I5M imaging, which has so far relied on oil immersion lenses, has 
required mounting the cell in a medium with n = 1.5 (Gustafsson et al., 
1999). Live cells inevitably necessitate aqueous media (n = 1.34). More-
over, water immersion lenses have an inferior focusing angle and 
therefore larger lobes to begin with (Bahlmann et al., 2001). Potential 
strategies for improving the tolerance of I5M are the implementation of 
a nonlinear excitation mode and its combination with pseudoconfocal 
or patterned illumination (Gustafsson, 2000). While these measures 
again add physical complexity, they may have the potential to render 
I5M more suitable for live cells.

However, at this stage, the implementation of at least two of the 
mechanisms above proved more reliable: After initial demonstration 
of TPE 4 Pi confocal microscopy (Schrader and Hell, 1996), superre-
solved axial separation was applied to fi xed cells (Hell et al., 1997). The 
image quality could be improved further by applying nonlinear resto-
ration (Holmes, 1988; Carrington et al., 1995; Holmes et al., 1995). Under 
biological imaging conditions, this typically improves the resolution 
up to a factor of two in both the transverse and the axial direction. 
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Therefore, in combination with image restoration, TPE 4 Pi confocal 
microscopy has resulted in a resolution of ∼100 nm in all directions, as 
fi rst witnessed by the imaging of fi lamentous actin19 and immunofl uo-
rescently labeled microtubules (Nagorni and Hell, 1998; Hell and 
Nagorni, 1998) in mouse fi broblasts.

While a very useful and explanative comparison of the OTF supports 
has been published (Gustafsson, 1999) it is obvious from the above that 
consideration of the supports alone is not suffi cient to understand the 
respective benefi ts and limitations of SWM, I5M, and 4 Pi microscopy. 
Rather than comparing their technical implementation (Gustafsson et 
al., 1999), a quantitative analysis of their PSFs and OTFs is needed to 
clarify under which conditions these microscopes will be able to deliver 
3D-resolved images with superior resolution. The success of increasing 
the axial resolution with coherently used opposing lenses not only 
depends on the achievable bandwidth, but also on the strength with 
which the respective systems transfer the spatial frequencies within 
this bandwidth. Gaps and weak parts that occur in some systems 
(Gustafsson et al., 1995; Krishnamurthi et al., 1996) must be quantifi ed 
for a particular optical setting because they may render the removal of 
artifacts impossible, thus precluding an increase in axial resolution. 
Below we demonstrate that these gaps are intimately connected with 
the optical arrangement and therefore are inherent to some of the 
methods described.

3.1 The Optical Transfer Function of 4 Pi-Microscopy and 
Related Systems

Before expanding on the analysis of PSFs and OTFs, we quickly review 

scope, as well as the detection PSF of the wide-fi eld, confocal, SWM, and 
4 Pi-type microscopes, are regular intensity PSFs. Assuming that exci-
tation and emission involve a dipole transition of the dye, the excitation 
and emission PSF of a single lens is well approximated by the absolute 
square of the electric fi eld in the focal region:

 h = |E1(z, r, φ)|2 (3)

r, respectively) and the polar angle φ. The fi eld is usually calculated 
using the vectorial theory of Richards and Wolf (1959). In our case, we 
assumed circular polarization of the light. In frequency space the Fourier 
transform of the electrical fi eld is then simply given by a spherical cap 
of radius kex (Figure 12–2). This is equivalent to approximating the 
spherical wavefronts emerging at the exit pupil as plane waves close to 
the focal spot. The absolute square in Eq. (3) corresponds to an autocor-
relation in frequency space. When calculating the OTF, this convolution 
can be carried out directly (Schönle and Hell, 2002; Sheppard et al., 1993) 
or the OTF can be determined by Fourier transformation of Eq. (3).

For the excitation PSF of the 4 Pi confocal microscopes (type A and 
C) and for the detection PSF of the I5M and the 4 Pi confocal (type B 
and C), a calculation of constructive interference between the two 
spherical wavefronts is required. The PSF is therefore given by the 
coherent addition of two beams

It depends on the axial and radial distance to the geometric focus (z and 

their theoretical derivation. The excitation PSF of the confocal micro-
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 h = |E1(z, r, φ) + E2(z, r, φ)|2 (4)

The fi eld of the opposing lens is given by

 E2(r) = ME1(M−1r) (5)

M is the coordinate transform from the system of lens number 2 to lens 
number 1 and is a diagonal matrix inverting the z-components for a 
triangular cavity and the y- and z-components for a rectangular cavity 
(Bahlmann and Hell, 2000). In frequency space, the Fourier transform 
of the electric fi eld is now given by two caps corresponding to the two 
focused wavefronts. Consequently, the OTF consists of an autocorrela-
tion part equivalent to that for single lens excitation or detection and 
a cross-correlation of two opposite spherical caps represented by the 
outer “brackets” in Figures 12–2, 12–3, and 12–4. For TPE the excitation 
PSF is simply given by squaring the one-photon PSF scaled to the 
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Figure 12–4. Overview of the excitation (bottom), detection (center), and effective (top) OTFs’ modulus 
and the corresponding PSFs of the wide-fi eld, confocal, standing wave (SWM), I5M, 4Pi confocal type 
C, TPE 4Pi confocal type A, and TPE 4Pi confocal type C microscopes. The color look-up table (LUT) 
has been designed to emphasize the important weak OTF regions. The OTFs are shown in the squares 
above the corresponding PSFs; the zero frequency point is in the center and the largest frequency 
displayed is 2π/80 nm−1. The circles represent the maximum possible carrier as explained in Figure 
12–3. For TPE, the excitation OTFs slightly extend over these circles because the excitation wavelength 
of 800 nm is less than double the one-photon excitation wavelength of 488 nm. While all these methods 
extend the OTF along the axial direction, they fundamentally differ in contiguity and absolute strength 
within the support region. For example, there are pronounced frequency gaps for the SWM and 
depressions for the I5M. The rectangular images of the PSFs represent a region of 5 × 2.5 µm with the 
geometric focus in the center. (See color plate.)
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appropriate TPE wavelength and similarly the OTF is the autoconvolu-
tion of the scaled one-photon OTF (Denk et al., 1990).

The excitation intensity of the SWM is given by a plane standing 
wave along the optic axis,

 h = I0 cos2(k ) (6)

0

constructive interference to occur at the common geometric focus. The 
excitation OTF is its Fourier transform and given by

 o = I0[δ(k) + δ(k − 2kex)/2+ δ(k + 2kex)/2]/2 (7)

Again, this is the result of auto-correlating the electric fi eld’s Fourier 
transform that consists of delta peaks at ±2kex.

While the 4 Pi microscope uses a spatially coherent point-like laser 
illumination, in the I5M microscope wide-fi eld illumination is used, 
normally in the Köhler mode, either with a lamp or a laser. The physical 
consequences of this difference are best explained as follows. If the two 
spherical wavefronts of the 4 Pi illumination are decomposed into 
plane waves incident from different angles and corresponding to dif-
ferent points of the illumination apertures, all plane waves of the aper-
ture interfere with each other in the focal region. In the I5M the 
illumination light is not coherent throughout the aperture. Therefore 
only pairs of plane waves originating from corresponding points (mirror 
images about the focal plane) of the illumination apertures are mutu-
ally coherent, forming a standing wave in the focal region. The period 
of these standing waves scales with the cosine of the azimuth angle θ. 
The excitation PSF of the I5M can then be calculated by adding the 
intensity of these plane standing waves. Assuming uniform intensity 
throughout the exit pupil of the lens, the PSF is given by
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The support of the excitation OTF is readily inferred: For each θ the 
integrand in Eq. (8) is the excitation PSF of the SWM and thus the total 
OTF consists of a superposition of expressions of Eq. (6) for wave 
vectors ranging from kex cos(α) to kex. Loosely speaking, this incoherent 
superposition smears out the delta peaks at the sides, forming the lines 
in Figures 12–3 and 12–4. This excitation mode contributes to avoiding 
the gaps that remain in the SWM’s support after convolution with the 
detection OTF. If, on the other hand, the incoherent light source is 
imaged into the focal plane of the lens, i.e., critical illumination, mutu-
ally coherent points form wavefronts focused onto and interfering at 
the conjugate point in the image of the light source. The individual 4 Pi 
PSFs produced by each point of the light source as a result are incoher-
ently summed up, giving an integral of the 4 Pi excitation PSF over the 
fi eld of view in the focal plane. The OTF becomes nonzero exclusively 
on the inverse optical axis where it is given by the values of the 4 Pi 
OTF, altogether leading to a result not very much different from that 
predicted by Eq. (8). However, critical illumination is problematic due 

exz

where I  denotes a constant, kex is the wavenumber; and we assumed 
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to potential nonuniformities in the light source and will be omitted in 
our analysis.

In any case, once the fl uorescence light is generated in the sample, 
the I5M collects the spherical fl uorescent wavefronts just as in a 4 Pi 
microscope of type B or C. The two counterpropagating spherical 
wavefronts of fl uore scence collected by each lens interfere construc-
tively in a common point on the camera. Disturbance of the interfer-
ence pattern of neighboring points of fl uorescence emission is damped 
by the spatial incoherence in the focal plane: the radius of spatial coher-
ence is largely given by the Airy disk associated with the fl uorescence 
light at the aperture in use. Thus the I5M implements the highest pos-
sible degree of parallelization of 4 Pi detection.

Figure 12–4 shows the numerically calculated excitation, detection, 
and effective PSFs/OTFs of the 4 Pi, I5M, and SWM setups, along with 
those of the conventional epifl uorescence and confocal microscope. The 
epifl uorescence micro scope features uniform illumination intensity 
throughout the sample volume; its OTF is a single deltapeak at the 
origin. To obtain a practically relevant comparison, we assumed a 
numerical aperture of NA = 1.35 and oil immersion with a refractive 
index n = 1.51. In the case of single-photon excitation of the dye, an 
excitation and detection (i.e., central fl uorescence) wavelength of 488 nm 
and 530 nm, respectively, is assumed. For TPE, an excitation wavelength 
of 800 nm was chosen. Finite-sized pinholes can be taken into account 
by convolving the detection PSF with the image of the pinholes in the 
focal plane: a disk of radius rPH. In frequency space this corresponds to 
a multiplication with the disk’s Fourier transform given by

 ĥPH = J1(krPH)/k (9)

The fi rst root of the Bessel function is at ∼3.83 and thus the detection 
OTF becomes zero at k = 3.83/rPH. However, the largest frequency 
present in the detection OTF is given by half the wavelength and 
therefore its support is unaltered if the pinhole radius is smaller than 
3.83 λ/(4πNA) ≅ 0.3 λ/NA, which corresponds to half the Airy disk 
radius. Pinholes smaller than this can virtually be neglected in the 
computation, while for sizes around this value and larger, the PSF will 
widen laterally, suppressing the OTF at higher lateral frequencies. The 
effect of the pinhole size on axial resolution remains small as long as 
it does not exceed that of the Airy disk. We will therefore neglect the 
pinhole in our further analysis. All PSFs were numerically computed 
in a volume of 128 × 128 × 512 pixels in x-, y-, and z-directions, respec-
tively, for cubic pixels with 20 nm length. The OTFs were calculated 
by Fourier transformation; of the 512 pixels in the z-direction only data 
based on the central 256 pixels are shown in Figure 12–4. The color 
look-up-table (LUT) has been chosen so that the regions of weak signal 
are emphasized for both PSF and OTF. This reveals important differ-
ences between the systems. Areas of low but nonnegligible intensity 
are important since they cover a large volume and substantially contri-
bute to the image formation.

Let us fi rst consider the PSFs (Figure 12–4, narrow columns). Imme-
diately, some differences between the various approaches become 
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apparent. While the excitation modes of the SWM and I5M are similar, 
the local minima are not zero for the latter due to the incoherent addi-
tion of the standing wave spectrum. The most important difference is 
observed when comparing the 4 Pi microscopes. As a result of focus-
ing, their PSFs are confi ned in the lateral direction so that contributions 
from the outer lateral parts of the focal region are reduced. The confi ne-
ment has important consequences. Whereas the 4 Pi confocal micro-
scope, especially its two-photon version, exhibits only two pronounced 
but rather low lobes, the I5M and even more so the SWM feature a 
multitude of lobes and fringes on either side of the focal plane, despite 
the fact that all of them rely on the same aperture. The second conse-
quence is that due to its quadratic or cubic dependence on the excitation 
distributions, the 4 Pi confocal PSFs can be separated into an axial 
and a radial function in good approximation (Hell et al., 1995; Schrader 
et al., 1998):

 h(r, z) ≅ c(r)hl(z) (10)

Separability is a particular feature of the 4 Pi confocal and multiphoton 
arrangements and we shall see later that it is the prerequisite for simple 
online removal of sidelobe effects in the image. TPE leads to a further 
suppression of the outer parts of the excitation focus and thus of the 
side lobes of the 4 Pi illumination mode. Figures 12–3 and 12–4 also 
reveal that in conjunction with coherent detection (type C), TPE 4 Pi 
confocal microscopy features an almost lobe-free PSF. Its OTF almost 
fi lls the maxi mum support region. In the SWM and the I5M, the number 
and relative heights of the lobes increase dramatically when moving 
away from the focal point because an effective suppression mechanism 
is missing. In the SWM the lobes become even higher than the central 
peak itself. In the I5M the secondary maxima are as high as the fi rst 
maxima of the single-photon 4 Pi confocal microscope of type C.

3.2 Removing Periodic Artifacts through Deconvolution

Even if they are small, side lobes and resulting ghost images in the raw 
data remain a common feature of all methods employing two lenses 
coherently. Next, we turn to the OTF to understand the circumstances 
under which image processing can effectively be used to remove the 
artifacts induced by the lobes. It is obvious from Eq. (2) that if the OTF 
were nonzero everywhere, we could divide the Fourier transform of 
the image by it. Subsequent Fourier back-transformation of the data 
would render the object. In practice, the OTF is limited in bandwidth 
and has weak regions. As division outside the OTF support is impos-
sible, these frequencies are lost. But even in regions where the OTF is 
small, division strongly amplifi es noise-producing artifacts.

Image restoration techniques, whether linear or nonlinear, aim at 
restoring as many frequencies as possible while trying to avoid this 
effect. Linear deconvolution is based on the division approach but 
introduces a special treatment for frequencies not transmitted by the 
OTF. It is capable of restoring frequencies only where the OTF is above 
the noise level. If frequencies are missing, a correct representation of 
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the object in the image can be given only if these frequencies are 
extracted from a priori knowledge of the object. This extraction is 
mathematically more complex and often not viable. Linear deconvolu-
tion, on the other hand, is computationally facile and fast. Speed is of 
particular importance because the interference artifacts are ideally 
removed online making the fi nal image readily accessible. Therefore, 
one of the most prominent advantages of a uniformly strong OTF is 
the possibility of applying a linear deconvolution.

The comparison of the effective OTFs in Figure 12–4 highlights the 
severe gaps in the SWM, making deconvolution impossible. Linear 
deconvolution is reportedly possible in the I5M (Gustafsson et al., 1999). 
However, as the gaps in the I5M are fi lled with rather low amplitudes, 
this method will create image artifacts for objects that are not sparse, 
not very bright, or objects containing spatial frequencies coinciding 
with the gap. Owing to the contiguity of its support and the strong 
amplitudes of the OTF, 4Pi confocal microscopy fulfi lls the precondi-
tions for linear deconvolution. In fact, linear deconvolution along the 
axial direction based on the separability of the PSF has been applied 
for the removal of interference artifacts arising in the recording of 
complex objects. Thus superresolved axial imaging has been shown in 
the dense fi lamentous actin55 and in the microtubular network (Nagorni 
and Hell, 1998) of a mouse fi broblast cell. We will have a closer look at 
this important procedure in the subsequent section.

Approximating the 4Pi confocal PSF as in Eq. (10) allows us to 
perform a computationally inexpensive one-dimensinal linear deconvo-
lution that simply eliminates the effect of the lobes in the image. The 
axial factor of the PSF can basically be decomposed into the convolu-
tion of a function hp(z) describing the shape of a single peak, and a lobe 
function l(z) containing the position and relative heights of the lobes:

 hl(z) ≅ hp(z) ⊗ l(z) (11)

hp quantifi es the blur and l describes the replication that is responsible 
for the “ghost images” in unprocessed 4Pi images. The effect of the 
lobe function can be eliminated using algebraic inversion. We use a 
discrete notation, where each lobe is represented by a component li of 
the vector l with l0 denoting the strength of the central lobe and the 
index running from −n to n. Negative indices denote lobes to the left 
of the central peak. If the lobe distance in pixels is denoted by d, the 
values of the object along the line are given by Oj and those of the 
image by Ij. Thus, the convolution is given by

 I l Oj k j dk
k

= −∑  (12)

Looking for a fi lter l−1 inverting this convolution we need

 O l I l l Oj s j ds s k j ds dk
ss

= =−
−

−
− −∑∑ 1 1  (13)

for all possible objects. The inverse fi lter needs to fulfi ll the condition

 l ls j s j
s

−
− =∑ 1

0δ  (14)
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At this point we can arbitrarily choose the length of the inverse fi lter, 
assuming an index running from −m to m. The index j in Eq. (13) can 
take values from −m − n to m + n. Therefore we have a system of 2(m 
+ n) + 1 equations with 2m + 1 unknowns, which is usually not solvable. 
An approximation is found by considering the equations for j = 
−m  .  .  .  m only. Now, the problem is equivalent to solving a linear 
Toeplitz problem with the Toeplitz matrix given by the vector l (Nagorni 
and Hell, 2001; Press et al., 1993). The approximation is good if the 
edges of the inverse fi lters are small, since the remaining equations are 
nearly satisfi ed. This holds if the fi rst-order lobes are <45%; in this case, 
the error is practically not observable. A typical length of the inverse 
fi lter is 11. In conjunction with a lobe height of 45%, the edges of the 
inverse fi lter feature a modulus below 1% of the fi lter maximum. For 
lobes of 35% relative height, this value drops to a value of only about 
0.08%. Thus, using this technique, the separability of the 4Pi confocal 
PSF provides a quick way to obtain a fi nal image that is equivalent to 
imaging with an “ideal” optical microscope that has a single narrow 
main maximum at the focal point. The inverse fi lter is discrete and 
nonzero only at a few points. This very effective side lobe removal 
method is therefore referred to as point deconvolution. Exploiting the 
characteristics of the PSF of the 4Pi microscope, it is applicable only in 
conjunction with this method.

Axial lobes in the PSF entail suppressed OTF regions along the optic 
axis. Thus, point deconvolution restores suppressed frequencies by 
linear deconvolution even though the actual calculation takes place in 
real space. For PSFs that cannot be written as in Eq. (10) point decon-
volution is insuffi cient, because the transverse directions (x, y) have to 
be involved as well. In this case, it is mathematically clearly preferable 
to pass the data through the frequency domain. Established linear 
deconvolution algorithms rely on inverting Eq. (2) but also accommo-
date for the vanishing regions of the OTF. An estimate of the frequency 
spectrum of the object can be obtained by using

 Ê(k) = Î (k)o*(k)/(|o(k)|2 + µ) (15)

The regularization parameter µ (Bertero et al., 1990) sets a lower thresh-
old on the denominator to avoid amplifi cation of frequencies where the 
modulus of the OTF is so small that the frequency spectrum of the 
image is dominated by noise. If the OTF is a convex function that is in 
the absence of “gaps,” the effect of regularization is similar to smooth-
ing. In most cases considered in this chapter, however, the OTF is not 
convex and the situation is more complicated. Small OTF values are 
found not only at the OTF boundaries, but also within its region of 
support, e.g., in the vicinity of the minima (Figure 12–4) or at the fre-
quency gaps (Figure 12–3). If the lobes are too high (typically >50%), 
the level of the minima of the OTF is comparable or smaller than the 
noise level. This is defi nitely the case in the SWM, but also in the pres-
ence of slight aberrations in the I5M, as well as in an aberrated 4Pi 
microscope. Therefore, the necessity of implementing a certain value 
of µ is closely connected with the lobe height and with the potential 
artifacts induced by the lobes.
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If the PSF is separable in a peak function and an axial lobe function, 
the lobe removal can be elegantly targeted:

 h(r) = hp(r) ⊗ l(z) (16)

Contrary to the decomposition in Eq. (11), the peak function hp(r) also 
contains the dependence of the peak on the lateral coordinates. We no 
longer require the PSF to separate in a radial and an axial part, yet the 
lobe function still gives the relative height of the lobes as well as their 
location:

 l z l z dss
s

( ) = −( )∑ δ  (17)

with d now being the lobe distance in units of length. The frequency 
spectrum of the image is then given by

 
�
I G o G h l kp z( ) ˆ ( ) ( ) ˆ ( ) ˆ ( ) ˆ( )k k k k k= ⋅ = ⋅ ⋅  (18)

If the lobe function is symmetric with respect to the focal plane (i.e., 
for constructive interference), we can write

 ˆ( ) ( )l k l sdkz s z
s

= +
>
∑1 2

0

cos  (19)

This decomposition immediately discloses why the critical lobe height 
is 50%: If the PSF consists of a main maximum and two primary lobes 
of 50%, the right-hand side of (19) vanishes for the axial frequencies 
associated with the distance d. So, if the lobes are >50% the frequency 
represented by the lobes is not contained in the OTF, and hence not 
transferred to the image. In reality, the critical lobe height is slightly 
above 50%. The reason is the infl uence of the secondary lobes that have 
been neglected in our reasoning. Nonetheless, the 50% threshold is an 
excellent rule for the critical lobe height, which applies equally to 
SWM, I5M, and 4Pi micro scopy, for fundamental reasons.

Equation (18) implies that the effect of the lobes can be removed by 
direct Fourier inversion. This is the case if the Fourier transform of the 
lobe function remains above the noise level throughout the relevant 
frequency spectrum. The spectrum of the lobe-free image is then 
obtained by dividing the image spectrum by the Fourier transform of 
the lobe function. Figure 12–5 shows a typical data set acquired with 
a TPE type A 4Pi confocal microscope and illustrates lobe removal both 
in the spatial and the frequency domain. The avalanche photodiode 
used as a detector had a typical dark count rate <1 count/pixel, which 
is negligible (Hell et al., 1997). Hence, the only signifi cant source of 
noise was the Poisson noise of the photon-counting process, manifest-
ing itself as white noise that is independent of the spatial frequency. 
Since the primary lobes are well below 50%, the fi rst minima of the 
OTF are at 19%, which is well above the noise level of typically 0.5–1%. 
Direct lobe removal is straightforward in this example, underscoring 
the importance of nonvanishing amplitudes in the OTF. If the OTF 
exhibited regions close to zero, as is predicted for the I5M, the multi-
plication with a high number in this region would result in a strong 
amplifi cation of noise, and compromise the obtained image. In the 
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Figure 12–5. Lobe removal and deconvolution in 4Pi microscopy. The fi gure shows images of the same 
pair of actin fi bers in a fi xed mouse fi broblast cell recorded in the TPE confocal (a) and TPE 4Pi type 
A (b and c) mode. The corresponding Fourier transform along the optic axis is also shown (d, e, and 
f). The fi ve-fold axial resolution increase (a vs. b) and the correspondingly extended OTF (d vs. e) are 
immediately visible. The side lobes are well below 50% and the factorization of the PSF’s axial and 
lateral dependence is possible in 4Pi microscopy. Therefore, an inverse discrete fi lter can be found and 
its application to the raw data (c) yields a valid and almost artifact-free image (b). Alternatively, lobe 
removal can be performed in the frequency domain. Equation (16) indicates that the Fourier transforms 
of the raw data (f) is given by the product of the Fourier transform of the lobe-free image (e) and the 
lobe function 

�
l (kz). Thus, (2) Fourier transforming the raw data, (3) multiplying with the inverse of 

the lobe function’s Fourier transform, 
�
l −1(kz), and (4) Fourier backtransforming lead to almost the 

same lobe-free image. This method can be applied even if the separation of axial and lateral depen-
dence is impossible for the PSF. The Fourier transforms along the axial direction (3 and 4) merely have 
to be replaced by their 3D counterparts. (See color plate.)
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SWM, it is impossible to remove the interference artifacts on a general 
basis.

While an in-depth analysis of nonlinear iterative deconvolution (i.e., 
image restora-tion) algorithms is far beyond the scope of this chapter, 
it can be safely stated that these suffer from limitations similar to the 
linear deconvolution approaches. They cannot really restore informa-
tion that has been lost in the imaging process. A connected and largely 
convex OTF that does not imply regions of weak transmission is almost 
equally important to these algorithms. Non linear iterative algorithms 
take advantage of a priori information about the object that linear 
deconvolution cannot uncover unambiguously. The simplest a priori 
information is the positivity of the object and of the image. Carefully 
applied to 4Pi and I5M data, nonlinear restoration can yield impressive 
results, but extreme care must be taken not to compromise the reli-
ability of the outcome by false or even biased assumptions.

3.3 Discussion: Improved Axial Resolution in Practice

While the use of coherent beams from two opposing lenses extends 
the OTF in the axial direction, a detailed analysis shows that conditions 
have to be met to exploit this advantage in an effective manner. Reliable 
and artifact-free restoration is possible only if the region of the OTF is 
convex, that is, if it does not contain nonnegligible “weak” regions or 
gaps. It was shown that the OTF of an SWM exhibits marked gaps 
along the optic axis that make the removal of the interference artifacts 
almost impossible. It is therefore not surprising that previous experi-
mental studies confi rmed that in the SWM it is impossible to unam-
biguously distinguish two axially separated objects, unless the object 
is thinner than 50% of the wavelength.34 Unambiguous resolution of 
axially extended objects is impossible with SWM for fundamental 
physical reasons. Nevertheless, both SWM and 4Pi microscopy have 
been successfully applied to the ultraprecise measurement of axial 
distances (Albrecht et al., 2002; Schneider et al., 2000; Schmidt et al., 
2000) and object sizes (Egner et al., 2000; Failla et al., 2002), which is 
conceptually and practically less demanding.

The OTF of the I5M is superior to that of the SWM, because it remains 
nonzero throughout its support. Still, it is weak over a considerable 
region when compared to the giant zero-frequency peak, which actu-
ally is a singularity. Hence, to benefi t from this contiguity, I5M data 
must be recorded with a very large signal-to-noise ratio. Besides, the 
method may be applicable to sparse nonextended objects only, such as 
points or sparse fi ne lines. The OTF of the reported 4Pi microscopes 
are truly contiguous. In the critical regions, the 4Pi confocal OTF 
(Figure 12–4) exhibits signifi cant values in the 19–23% range. This 
feature is of key relevance to the removal of the interference artifacts 
and hence for unambiguous, object-independent 3D microscopy with 
improved axial resolution.

Another major difference between the effective PSF of the SWM and 
I5M on the one hand, and the 4Pi confocal on the other, is the fact that 
the PSF is spatially much more confi ned in the latter case. This allows 
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us to reduce the process of lobe removal from a 3D deconvolution to a 
one-dimensional linear problem with the highly useful side effect that 
single layers can be acquired and deconvolved while all other methods 
require acquisition of a full 3D data stack.

The 4Pi concept is the result of rigorously maximizing the aperture 
angle employed in the imaging process. This results in a superior exci-
tation OTF due to its lateral fi lling, which is rooted in the fact that the 
(exciting and detected) light is focused. Hence, while scanning with a 
focused beam inevitably reduces imaging speed, this procedure also 
results in fundamentally improved imaging properties of the micro-
scope. Flat fi eld standing wave excitation inherent to the I5M and SWM 
trades off collected spatial frequencies. The loss of optical frequencies 
is so signifi cant (Figures 12–3 and 12–4) that the ability to provide 
unambiguous axial resolution is either put at risk or not viable.

Nevertheless, axial resolution improvement and imaging similar to 
the 4Pi microscope are reportedly possible when combining I5M with 
offl ine image restoration (Gustafsson et al., 1999). The combination of 
I5M with fringe pattern illumination and subsequent image restoration 
has also been suggested to (1) alleviate the problem of the zero frequency 
singularity (Gustafsson, 2000; Heintzmann and Cremer, 1998) and (2) to 
increase the lateral resolution to that of (restored) confocal microscopy. 
Leaving aside the technical complexity of controlling the interference 
patterns of typically four pairs of beams, this suggestion confi rms that 
an unambiguous axial resolution requires the employment of a wider 
angular spectrum. In fact, the spherical beams in a 4Pi microscope can 
be regarded as a complete spectrum of interfering plane waves coming 
from all angles available. Hence, from the standpoint of imaging theory, 
the combination of I5M with fringe pattern illumination is a modifi ca-
tion of I5M toward a scheme that is more similar to the 4Pi arrangement; 
the improvements of the OTF are gained by conditions that converge to 
the “focusing” conditions found in the 4Pi microscope.

In real samples the OTF of the microscopes is compromised by aber-
rations that were not included in our comparison of the concepts. 
Residual misalignments of the foci induced by variations of the refrac-
tive index in the sample play a role. However, successful 4Pi imaging 
of the mouse fi broblast cytoskeleton (Nagorni and Hell, 1998) and I5M 
imaging of similar structures (Gustafsson, 2000) have revealed that 
aberration effects are surmountable. Image deconvolution requires 
prior knowledge of the PSF and hence its explicit determination with 
a point-like object. This is particularly important since the PSF depends 
on the relative phase of the two counterpropagating wavefronts. It has 
been shown that in 4Pi microscopy the type of interference in the focal 
plane (constructive, destructive, or anything in between) is of lesser 
importance (Hell and Nagorni, 1998). Depending on its infl uence on 
the OTF, the same will also apply to I5M. So far, the structure of the 
PSF has been determined by measuring the response of test objects, 
such as fi bers or fl uorescent beads. However, it has been shown that 
the relative phase can be extracted directly from the image data (Blanca 
et al., 2002). This is of great importance in cases in which the imaged 
object itself alters the relative phase of the interfering beams.
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A fi lled OTF entails robustness in operation and lower amenability to 
potential misalignment. Thus 4Pi microscopy allowed superresolved 
imaging of specimens in aqueous media using water immersion lenses 
(Bahlmann et al., 2001). This is noteworthy since water lenses feature 
semiaperture angles of not more than 64° as compared to 68° available 
for oil or glycerol immersion, therefore increasing side lobes and render-
ing the problem of missing frequencies in the OTF more severe. Imaging 
a watery sample is one of the prerequisites of live-cell imaging.

For realistic aperture angles, the inherent lack of contiguity of the 
OTF in the SWM renders the removal of interference ambiguities 
impossible. The I5M becomes more viable through fi lling the frequency 
gaps present in the SWM, albeit with values that are weak with respect 
to the zero-frequency components. Both systems have yet to prove their 
applica bility to live cell imaging. In fact, recent investiga tions have cast 
doubt on whether I5M is able to provide reliable data from live cells 
with the available water immersion lenses. If water immersion lenses 
of 70° and higher were available, the robustness and applicability of 
I5M would signifi cantly increase. Thus, this method would become 
viable for a much larger variety of objects, at least for not too dense or 
not too 3D-convoluted ones. The fact that the enlargement of the semia-
perture angle is the key to the performance of the I5M highlights the 
exploitation of the entire spherical wavefronts as the central physical 
element. In a sense, the I5M can be viewed as a 4Pi system that maxi-
mizes the degree of parallelization in the focal plane.

Parallelization is readily accomplished in 4Pi and 4Pi confocal 
microscopy, as well. A multi focal variant of TPE 4Pi confocal micro-
scopy, termed multifocal multiphoton 4Pi microscopy (MMM-4Pi) 
(Egnor et al., 2002), has indeed translated the typical 140 nm axial reso-
lution of a TPE 4Pi microscope into live cell imaging. Importantly, 
although present and noticeable, phase changes induced by the cell 
proved more benign than anticipated. Nevertheless, phase alterations 
and wavefront aberrations due to refractive index changes within the 
specimen are likely to confi ne 4Pi microscopy and related techniques 
to the imaging of individual cells or thin cell layers. In conjunction 
with nonlinear image restoration this novel imaging method has dis-
played ∼100-nm 3D resolution under live cell conditions. For example, 
MMM-4Pi microscopy has provided superior 3D images of the reticu-
lar network of GFP-labeled mitochondria in live budding yeast cells.

More recently, 4Pi microscopy has been realized in a compact optical 
unit that was interlaced with a state-of-the-art single beam scanning 
confocal fl uorescence microscope (Leica TCS-SP2, Mannheim, 
Germany). Operating in type C mode, i.e., coherent spherical wave-
fronts both for excitation and for confocal detection, this compact and 
rugged system displayed a seven-fold improved axial resolution over 
confocal microscopy in live cells (Gugel et al., 2004). This system is now 
commercially available as the fi rst far-fi eld optical microscope with 
axial superresolution.

The fact that single-photon excitation 4Pi confocal microscopy has not 
been realized to date has been due to the superiority of the OTF in the 
TPE version. Nevertheless, it is clear from imaging theory that a single-
photon 4Pi confocal microscope of type C features a more contiguous 



 Chapter 12 Nanoscale Resolution in Far-Field Fluorescence Microscopy 811

and better fi lled OTF than an I5M, which inevitably operates in the 
single-photon mode. Given further improvements in aberration com-
pensation and lens manufacturing, it is feasible that single-photon 
excitation 4Pi microscopy (of type C) can also be realized in a reliable 
manner. An inherent advantage of single-photon excitation over its 
two-photon counterpart is that the much shorter excitation wavelengths 
lead to axially narrower focal spots. For example, using a wavelength of 
∼400 nm, a single-photon 4Pi microscope of type C would deliver an 
axial resolution of ∼73 nm. This number further underscores the poten-
tial of 4Pi microscopy to deliver 3D images with axial sections well in 
the tens of nanometer regime.

In summary, the resolution of a far-fi eld fl uorescence light micro-
scope can be improved down to the range of 60–100 nm along the optic 
axis by coherently adding the focal light fi elds of two opposing lenses. 
The addition of the fi elds leads to improved resolution for both excita-
tion at the focal point and detection of fl uorescence at a common point. 
The axial resolution is improved only if the main maximum of the 
resulting PSF is at least twice as large as the primary side maxima 
arising from the coherent addition. The latter condition can be fulfi lled 
only if, at least for one of the processes, the added light fi eld is a spherical 
wavefront covering the aperture angle of the lens. This in turn shows 
that the key physical element to improving the axial resolution by the 
coherent use of two opposing lenses is not the production of an interfer-
ence pattern, but the enlargement of the aperture of the system.

4 Breaking the Diffraction Barrier

Increasing the total aperture of the focusing system with two opposing 
lenses improves the 3D resolution of a far-fi eld microscope, but does 
not break the diffraction barrier. On the contrary, 4Pi microscopy 
exploits the full potential of diffraction-limited imaging. This particu-
larly applies to (multiphoton) type C 4Pi confocal microscopy, which 
can be regarded as the far-fi eld optical microscope with the largest 
possible aperture. For a microscope, being subject to the diffraction 
limit implies that the system features the maximum resolution that 
cannot be surmounted. On the other hand, breaking the diffraction 
barrier implies the potential for featuring an infi nitely sharp focal spot 
or an OTF with an infi nitely large bandwidth.

The fi rst concept to break the diffraction barrier was STED fl uores-
cence microscopy.9 The physical concept of STED microscopy was 
described as early as 1994 and was soon followed by GSD microscopy, 
a related concept that also entailed diffraction-unlimited resolution 
(Hell and Kroug, 1995). Whereas STED microscopy utilized stimulated 
emission to deplete the excited state of the fl uorophore, GSD aimed at 
depleting its ground state by transiently pumping the dye into a long-
lived dark state, i.e., its triplet state. Importantly, both concepts share 
the same principle for breaking Abbe’s barrier: a focal intensity distri-
bution featuring a zero point (or at least a strong gradient in space) 
effects a saturated depletion of one of the molecular states that are essen-
tial to the fl uorescence.10,11 Following depletion, the state is populated 
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again, that is, the saturated transition is reversible. A saturated transi-
tion, such as a depletion of a state, introduces vast nonlinearities that 
eventually prove essential for breaking the diffraction barrier.

An even closer examination of the underlying concept shows that in 
fact any saturable transition between two states where the molecule 
can be returned to its initial state is a potential candidate for breaking 
the diffraction barrier (Hell, 1997; Hell et al., 2003; Dyba and Hell, 2002). 
The general concept has therefore been termed RESOLFT. The transi-
tion utilized can be selected to match the practical conditions of the 
imaging problem at hand, such as the required intensities, the available 
light sources, and the avoidance of photobleaching. An important 
aspect with respect to biological applications is the compatibility with 
live cells.

The basic idea of the RESOLFT concept can be understood by consid-
ering a molecule with two arbitrary states A and B between which the 
molecule can be transferred. In fl uorophores, typical examples for these 
states are the ground and fi rst excited electronic states and conforma-
tional and isomeric states. The transition A → B is induced by light, but 
no restriction is made about the transition B → A. It may be spontaneous, 
but may also be induced by light, heat, or any other mechanism. The only 
further assumption is that at least one of the two states is critical to the 
generation of the signal. In fl uorescent microscopy this means that the 
dye can fl uoresce only (or much more intensively) in state A. Such a 
system may be exploited to generate diffraction-unlimited resolution in 
fl uorescence imaging (or any kind or manipulation, probing, etc. that 
depends on one of the states), which is illustrated in Figure 12–6.

We begin with all molecules or entities in the sample being in state A. 
Our goal is to generate a diffraction-unlimited distribution of molecules 
in state A. To this end, the sample is illuminated with light that drives 

Figure 12–6. The RESOLFT principle. Diffraction-unlimited spatial resolution is achieved by saturat-

dye distribution of state A is illuminated by a strongly modulated intensity light distribution that 
transfers the dye molecules to state B; ideally the modulation is perfect, so that the local intensity 

2

A

A

s

A A

will also be limited by diffraction, because I(r) is diffraction limited and the relationship between I 
and NA is basically linear. (b) Increasing the maximum intensity moves the points at which I(r) reaches 

NA(r) drops to 0.5, the FWHM of NA(r) is correspondingly reduced. (c) Further increasing the maximum 
A

read out as the desired signal stemming from a narrow region. To obtain an image, the local minima 
are scanned across the sample. If the signal stems from state A, the intensity values NA(r) are read out 
subsequently and the image is assembled in a computer. If the signal is generated by the “majority 
population in state B” (e.g., state B is the fl uorescent state) the function 1 − NA(r) is read out and the 
image must be “inverted” later. This approach is challenged by signal-to-noise issues. (d) There is no 
theoretical limit to this method and its resolution is ultimately determined by the available laser power 
and the potentially limiting photodamage.

the transition from A to B. The intensity distribution I(r) of the illuminat-

The right-hand panel depicts the dependence of N (r) on the local intensity I(r), exhibiting the typical 

sI  closer to the local intensity minimum, e.g., the zero. Because these are also the points at which 

sintensity beyond I  leads to a further reduction of the FWHM. If A is the fl uorescent state, N (r) is 

left-hand panel shows I(r) and the resultant probability N (r) of the dye molecules being in state A. 

sB. (a) At I(r) < I , the modulation of the light is replicated in N (r). The narrowest distribution of N (r) 

ing a linear but reversible optical transition from state A to state B. The simple explanation: A uniform 

saturation behavior. I  is defi ned as the intensity at which half the molecules are transferred to state 

minima actually are zeros. Here, we choose the narrowest possible modulation I(r) = cos (2πr/λ). The 
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ing light is of course diffraction limited but features one or several posi-
tions with zero intensity. After illumination, the probability, NA(r), of 
fi nding molecules in state A depends on I(r) and displays peaks where 
I(r) is zero and no transitions to B are induced. If we choose the maximum 
intensity Imax in such a way that it is many times (ζ times, ζ = Imax/Is 
is called the saturation factor) higher than the saturation intensity, Is, of 
the transition A → B (the threshold at which 50% of the molecules are 
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transferred into state B), then molecules will be almost exclusively in 
state B even at positions where I(r) is only a small fraction (∼5/ζ) of Imax. 
This means that while molecules remain in state A in the intensity zeros, 
they are transferred to state B even at locations in the immediate vicinity 
of the zero. Thus, the peaks of NA(r) become very narrow, featuring steep 
edges at the same time. Figure 12–6 is presented in one dimension for 
clarity, but this idea is readily extended to all directions in space and 
hence to 3D imaging.

Their Fourier transform (the effective ex-citation OTF) of an increas-
ingly sharp peak correspondingly becomes wider with an in-creasing 
Imax. A complementary mathematical explanation for this fact is that 
higher-order contributions that are described by several autoconvolu-
tions of the depletion pattern become more and more important for 
higher intensities. This is in contrast to very low intensities where the 
dependence of NA on the depletion intensity is approximately linear: 

A

frequency space and the theoretical cutoff of the support can only be 
pushed from the 4k we derived for conventional imaging to 6k. Thus, 
the diffraction barrier is not truly broken for low intensities, but only 
shifted to a slightly higher value.

The generated probability distribution can be used for high-resolution 
imaging by applying scanning. Since the fl uorescence stems exclusively 

tion in the far fi eld to be assembled. For particular conditions, the 
resolution of this process is determined by the FWHM of the peaks in 

A

FWHM can become infi nitely narrow, that is down to the size of a single 

acts as a condensor collecting the fl uorescence. For example, when scan-

A

feasible if the nodes are further apart than the classical resolution limit 
of the microscope. When the sharply localized fl uorescence from the 
nodes is imaged onto the camera, the resulting spot will certainly be 
blurred as a result of diffraction, and possibly extend over several 
pixels on the camera. However, if the nodes are further apart than 
Abbe’ diffraction barrier, each of the blurred spots can be assigned to 
the respective nodes. Sequential read-out of the camera makes it pos-
sible to integrate the measured signal of each blurred spot or line sepa-
rately and to associate it with the corresponding sharply localized 
region in the sample from which the signal emerged.

in this case is simply the fact that in the RESOLFT concept the lens merely 
molecule. The reason why Abbe’s spatial frequency cutoff does not apply 

However, this does not imply that a RESOLFT microscope needs
to be based on single-beam scanning. Parallelization is readily

N (r), which in turn is solely determined by the saturation factor. The 

s

to measure N (r). Sequential readout is absolutely mandatory in a far-

rescence signal allows an image with basically unlimited spatial resolu-

field optical system with a broken diffraction barrier, because—and Abbe

the zero(s) through the sample with simultaneous recording of the fl uo-

was perfectly correct in this regard—the objective lens cannot transmit

from the immediate vicinity of the positions where I(r) is zero, scanning 

possible and hence detection with a conventional camera is 

the higher spatial frequencies through the lens (Hell, 2007).

ning with a single zero, the detector can be placed right next to the sample 

N (r) = 1 − I(r)/I . Here, a single additional convolution is introduced in 
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Importantly, implementing such a “wide-fi eld” detection in a micro-
scope does not imply that subdiffraction resolution is possible in con-
ventional microscopy, since scanning is still an essential element in the 
process of image formation. In a sense, “wide-fi eld” is not the most 
appropriate term in any event, since RESOLFT-based concepts always 
imply that a part of the sample (at the very least, one single point) is 
omitted from the saturable transition. Consequently, camera-based 
RESOLFT approaches are essentially parallelized scanning concepts.

This scanning “wide-fi eld” detection is readily explained in fre-
quency space as well. The PSF describing the generated probability of 
the molecules of being in state A, NA(r), consists of periodic sharp 
peaks, and can be described as a convolution of a single peak with a 
comb function or with its multidimensional equivalent. In frequency 
space, this is equivalent to a multi plication of the broad frequency band 
of a single peak with a comb function. Thus the Fourier transform of 
NA(r) which dominates the excitation OTF if given by delta-peaks sepa-
rated by the inverse distance of the nodes in I(r). The speed with which 
they drop off towards large frequencies depends on the width of a 
single peak in NA(r). The effective OTF is given by the convolution of 
this series of delta-peaks with the detection OTF. Thus it will be con-
tinuous whenever the usable support of the latter is larger than the 
distance between the delta peaks in the excitation OTF. Not surpris-
ingly, this just means that the intensity zeros of I(r) are far enough apart 
so that the detection system can separate their fl uorescence.

Note that complete depletion of A (or complete darkness of B) is not 
required. It is suffi cient that the nonnodal region features a constant, 
notably lower probability to emit fl uorescence, so that it can be distin-
guished from its sharp counterpart. Even if not A, but B is the brighter 
state, it is possible to read out B and obtain the same superresolved image 
after mathematical postprocessing that entails subtraction of signals 
from each other. While reading out B, in principle, also delivers unlim-
ited resolution, this version is heavily challenged by signal-to-noise 
issues. This stems from the fact that the “bright” light from the nonnodal 
regions contributes with a substantial amount of photon shot noise.

It is also important to keep in mind that the nonlinearities intro-
duced in these concepts are not analogous to the nonlinear interactions 
connected with m-photon excitation, mth harmonics generation, coher-
ent anti-Stokes–Raman scattering (Sheppard and Kompfner, 1978; 
Shen, 1984), etc. In the latter cases, the nonlinear signal stems from the 
simultaneous action of more than one photon at the sample, which would 
work only at high focal intensities. In contrast, the nonlinearity brought 
about by saturation and depletion stems from a change in the popula-
tion of the involved states, which is effected by a single-photon process, 
namely stimulated emission. Therefore, unlike m-photon processes, 
strong nonlinearities are achieved at comparatively low intensities.

Next, let us derive an estimate for the resolution achievable in such 
a system at fi nite depletion intensities (Hell, 2003, 2004). We denote the 
rates of A → B and B → A with kAB and kBA, respectively. The time 
evolution of the normalized populations of the two states nA and nB is 
then given by
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 dnA/dt = −kABnA + kBAnB = −dnB/dt (20)

Independently from its initial state, after a time

 t ≥ (kBA + kAB)−1 (21)

the equilibrium is approximately reached and the population of state 
A is given by

 NA = kBA/(kBA + kAB) (22)

During the process described in Figure 12–6, state A is depleted at a 
rate kAB = σI, where σ denotes the molecular cross section and the 
intensity I is written as photon fl ux per unit area. Hence, the equilib-
rium population is given by

 NA(r) = kBA/[σI(r) + kBA] (23)

And NA = 1/2 for the saturation intensity

 Is = kBA/σ (24)

From Eq. (23) we see that where I(r) >> Is all molecules end up in B. 
Thus, if we choose

 I(r) = Imax f(r) (25)

with Imax >> Is, molecules in state A are found only in the nodes of the 
diffraction-limited distribution function f(r). As an example, we choose 
a sine-square intensity distribution, such as produced by a standing 
wave

 f(x) = sin2(2πnx/λ) (26)

for illumination, where n denotes the index of refraction of the medium. 
A simple calculation shows that the FWHM of the peaks of NA and 
hence the resolution of the microscope is then given by

 ∆x
n n

= ≅
λ
π

ζ
λ

π ζ
arcsin( / )1  (27)

A saturation factor of ς = 1000 yields ∆x ≈ λ/100, but in principle the 
spot of “A molecules” can be continuously squeezed by increasing ς. 
Scanning with such a spot and simultaneous recording of the signal 
from it deliver diffration-unlimited resolution. Equation (27) quantita-
tively describes this possibility in a microscope using diffraction-
limited beams.

If the intensity distribution I(r) is produced by a lens, the largest 
frequency will be determined by the numerical aperture of the lens 
n sin α, due to diffraction. In this case, Eq. (27) changes into

 ∆x
n

≅
λ

π α ζsin
 (27′)

If at the same time the molecules are being driven back from B to A 
by a light intensity distribution following a cosine-square form, we 
have kBA = σBAIBA

max
2

BA

of the transition. By defi ning the saturation intensity as Is = σBAIBA
max/σ, 

we obtain

 cos (2πn sinαx/λ), with σ  denoting the cross section 
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 ∆x
n

≅
+

λ
π α ζsin 1

 (27″)

This equation is particularly appealing, since for a vanishing satura-
tion factor ζ = 0 it almost assumes Ernst Abbe’s diffraction limited 
form, whereas for ζ → ∞ the spot becomes infi nitely small.

There are also adverse effects that need to be taken into account. 
The fi rst is that state A cannot be completely emptied by even very 
intense illumination (e.g., because there is an excitation by the 
same beam) and the second is that state B may also contribute to 
the signal. Both can be considered by including a constant offset in 
Eq. (23):

 NA(r) = (1 − δ)kBA/[σI(r)+ kBA] + δ (28)

This would result in the image consisting of a superresolved image 
plus a (weak) conventional image. The latter does not alter the fre-
quency content of the image. Therefore, given suffi cient SNR, the reso-
lution will not deteriorate. In other words, if δ is suffi ciently small so 
as not to swamp the image with noise, the conventional contribution 
can be subtracted (Hell and Kroug, 1995; Hell, 1997).

A further experimental problem is caused by imperfections of the 
intensity zeros. Imagine the standing wave is aberrated and approxi-
mately described by

f(x) = (1 − γ) sin2(2 x/λ) + γ (29)

Such zeros with insuffi cient “depth” turn out to have a more serious 
impact on performance. The maximum signal in the intensity minima 

as above we obtain

 ∆x = +
λ

γ
ζ
1

 (30)

At γ ∼ 1% resolutions of λ/20 at saturation factors of 100 can be achieved 
without losing more than half the signal in the intensity minima.

presented above, it is also helpful to take a look at the frequency space 
to relate these fi ndings to the concepts and results presented in the 
fi rst part of this chapter. The dependence of the effective excitation PSF, 
i.e., the distribution of the probability that a molecule actually emits a 

value of NA(r) expressed in Eq. (23). If for I(r) = 0 the microscope 
begins, for example, with a conventional PSF hc(r) used for imaging 
the distribution NA(r) onto a camera, the effective PSF of the system is 
given by

 h r h r
I r k

( ) ( )
[ ( )/ ]

=
+c

BA

1
1 σ

 (31)

Now let σImax/kBA = ζ and I(r) = Imaxf(r) as above, then we can expand 
(31) in a Taylor series

drops by a factor (1 + ζγ), as a result. Following the same calculation 

While RESOLFT is far more intuitively explained in the way 

nπ αsin

nπ αsin

γ/

fl uorescence photon, is governed by the saturation level-dependent 

.nπ αsinand therefore the maximum achievable resolution is given by λ
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transformation

 o k
h k

k g g g g g gc( ) =
( )

+
⊗ ( ) + + ⊗ + ⊗ ⊗ +( )

ˆ

1
2 3

ζ
δ ξ ξ ξ� � � � � �

…  (33)

At low intensities, ζ and therefore ξ is so small that only the linear term 
is relevant and the convolution extends the support to 6k as discussed 
above. The larger the maximum intensity, the more important higher 
orders of the Taylor series will become. These involve multiple auto-
convolutions of the function g extending the support further and 
further.

While a quantitative treatment in frequency space is more compli-
cated and less intuitive than the one introduced in the previous section, 
the following analysis gives a feel for the effect of the saturation factor 
and also illustrates the possible vast expansion of the OTF support. For 
the sake of simplicity we assume a Gaussian form of the light distribu-
tion function

 f(x) = 1 − exp(−x2/2a2) (34)

The properly normalized m-fold auto-convolution of g is then given by

 ⊗ = −m g k a m a k mˆ( ) / ( /( ))2 22 2π exp  (35)

Now let us assume that the useful support ends at a frequency where 
the OTF is attenuated to a small fraction ε of its value at small frequen-
cies. For large saturation factors the infl uence of the convolution with 
the confocal OTF on the cut-off frequency can be neglected and we 
have to calculated the sum in brackets in (33). Substituting (35) into 
equation (33) and approximating the sum by an integral we get for the 
term in brackets

 o k i iak, /ln exp lnς π ξ ξ( ) ≅ − −( )2  (36)

For large saturation factors we can write lnξ = lnζ − ln(ζ + 1) ≅ −1/ζ 
and obtain

 o k ak, exp( / )ς πζ ς( ) ≅ − 2  (37)

This means that the attenuation of the modulus of the OTF at large 
frequencies is anti-proportional to the square-root of the saturation 
factor. This is equivalent to saying that the resolution increases with 
the square root of the saturation factor just as we expected from our 
previous analysis.

4.1 STED Microscopy

STED microscopy produces subdiffraction resolution and subdiffrac-
tion-sized fl uorescence volumes in exactly the manner described above 
by the depletion of the fl uorescent state of the dye. Depletion inherently 
implies saturation of the depleting transition. At present, it is realized 
in a (partially confocalized) spot-scanning system due to a number of 
technical advantages, but it has been conceptually clear from the outset 

With g(r) = 1 − f(r) and  = ζ/( ζ + 1 ) we obtain the OTF after Fourier ξ
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Figure 12–7. Stimulated emission depletion (STED) was the fi rst implementation of the RESOLFT 
principle. (a) Dye molecules are excited into the S1 (state A) by an excitation laser pulse. (b) Fluorescence 
is detected over most of the emission spectrum. How ever, molecules can be quenched back into the 
ground state S0 (state B) using stimulated emission before they fl uoresce by irradiating them with a light 
pulse at the edge of the emission spectrum shortly after the excitation pulse and before they are able to 
emit a fl uorescence photon. Saturation is realized by increasing the intensity of the depletion pulse and 
consequently inhibiting fl uorescence everywhere except at the “zero points” of the focal distribution of 
the depletion light. (c) Schematic of a point-scanning STED microscope. Excitation and depletion beams 
are combined using appropriate dichroic mirrors (DC). The excitation beam forms a diffraction-limited 
excitation spot in the sample (inset in d) while the depletion beam is manipulated using a phase-plate 
(PP) or any other device to tailor the wavefront in such a way that it forms an intensity distribution with 
a nodal point in the excitation maximum (left inset in e). The third inlay shows the resulting quenching 
probability when saturating the depletion process. (d) and (e) show an experimental comparison 
between the confocal PSF and the effective PSF after switching on the depleting beam. Note the doubled 
lateral and fi ve-fold improved axial resolution. The reduction in dimensions (x, y, z) yields ultrasmall 
volumes of subdiffraction size, here 0.67 al (Klar et al., 2000), corresponding to an 18-fold reduction 
compared to its confocal counterpart. The spot size is not limited on principle grounds but by practical 
circumstances such as the quality of the zero and the saturation factor of depletion. (See color plate.)

that nonconfocalized detection is viable as well (Hell and Wichmann, 
1994). The principal idea, a schematic setup and an exemplary mea-
surement of the resolution increase, is shown in Figure 12–7. The fl uo-
rophore in the fl uorescent state S1 (state A) is stimulated to the ground 
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state S0 (state B) with a doughnut-shaped beam. The saturated deple-
tion of S1 confi nes fl uorescence to the central intensity zero. With typical 
saturation intensities ranging from 1 to 100 MW/cm2, saturation factors 
of up to 120 have been reported (Klar et al., 2000, 2001). This should 
yield a 10-fold resolution improvement over the diffraction barrier, but 
imperfections in the doughnut have limited the improvement to 5 to 
7-fold in experiments (Klar et al., 2001).

As already stated, light microscopy resolution can be described either 
in real space or in terms of spatial frequencies. In real space, the resolu-
tion is assessed by the FWHM of the focal spot. The measurements 
depicted in Figure 12–8 were carried out with an excitation wavelength 
of λ = 635 nm, an oil immersion lens with a numerical aperture of 1.4, 
and with the smallest possible probe: a single fl uorescent molecule 
(Westphal and Hell, 2005; Westphal et al., 2003). Figure 12–8a shows 
the measured profi le of the PSF in the focal plane (x) for a conventional 

10

0.01

0.1

1

0 30 40

Convent.

STED

STED deconv.

PSFa)

x [nm]
-200 -100 0 100 200

Convent.
222 nm

STED
40 nm

OTF

I [a.u.]

0.0

1.0

x-1 [1/µm]

-100 0 100

62 nm

Mol.
no.1

Mol.
no.2

33 nm

b)

Figure 12–8. (a) Comparison of the effective PSF’s lateral intensity profi le for 
confocal and STED microscopy indicating an ∼5.5-fold resolution increase in 
the latter. (b) Lateral cuts through the effective OTFs giving the bandwidth of 
the lateral spatial frequencies passed to the image. The data plotted in (a) and 
(b) are gained by probing the fl uorescent spot of a scanning microscope with 
a single molecule of the fl uorophore JA 26 using a numerical aperture of 1.4 
(oil) objective lens and at wavelengths of 635 nm (excitation), 650–720 nm (fl uo-
rescence collection), and 790 nm (STED). The inset demonstrates subdiffrac-
tion resolution with STED microscopy. Two identical molecules located in the 
focal plane that are only 62 nm apart can be entirely separated by their inten-
sity profi le in the image. A similar clear separation by conventional micro-
scopy would require the molecules to be at least 300 nm apart. (Date adapted 
from Westphal et al.)
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fl uorescence microscope along with its sharper subdiffraction STED 
fl uorescence counterpart. STED leads to improvement in resolution by 
a factor of approximately 5.5.

Figure 12–8b shows the OTF of a conventional microscope along with 
the enlarged OTF of the STED fl uorescence microscope. As expected, 
the effective OTF’s support in the confocal case ends at approximately 
(2/635 nm + 2/720 nm) = 5.91/µm. For STED, we included the OTF after 
successful linear deconvolution, which restores higher spatial frequen-
cies that are not swamped by noise. The region of usable OTF support 
is approximately marked by the region where frequencies are enhanced 
by the deconvolution process without producing artifacts and is ∼5.5 
times larger than for the confocal case. This marks a fundamental 
breaking of Abbe’s diffraction barrier in the focal plane. The inlay dem-
onstrates the resulting subdiffraction resolution exemplifi ed by the 
linearly deconvolved STED image of two molecules at a distance of 
62 nm. They are distinguished in full by two narrow peaks (Westphal 
et al., 2003). As a result of deconvolution, the individual peaks are 
sharper (33 nm FWHM) than the initial peak of 40 nm FWHM.

Very recently, utilizing STED wavelengths of λ = 750–800 nm, a lateral 
FWHM of down to 16 nm has been achieved in experiments with single 
JA 26 molecules spin-coated on a glass slide.14 Measuring the resolution 
as a function of the applied STED intensity confi rmed the predicted 
increase of the resolving power with the square root of the saturation 
factor (see Figure 12–9). Of course the cutoffs presented are based on a 
somewhat arbitrary defi nition of what can be considered “usable fre-
quencies” at a certain signal-to-noise ratio. However low this threshold 
is set, the confocal support cannot extend beyond ∼6/µm while the 
STED-OTF’s support is theoretically unlimited.

The one-dimensional (1 D) phase-plate yielding 16 nm FWHM is opti-
mized for maximum resolution improvement in the lateral direction 
perpendicular to the polarization of the depleting light and leads to an 
intensity distribution with two strong peaks at either side of the excita-
tion maximum (Keller et al., in preparation). Because the depleting light 
is polarized, the resolution gain depends on the orientation of the mole-
cules. However, a considerable increase in resolution is still possible for 
the second phase-plate, which yields a doughnut-shaped intensity distri-
bution and thus an almost isotropic resolution increase in the lateral 
directions when using circularly polarized light.

To “squeeze” the fl uorescence spot in both lateral directions two 
STED beams aberrated with 1 D phase-plates oriented at 90° to each 
other can be combined. Together with circularly polarized excitation, 
almost uniform resolution in the focal plane is achieved as shown in 
Figure 12–10. A series of xy images acquired with different STED beam 
powers demonstrate the resolution increase and concomitant widening 
of the OTF when the applied saturation factor increases (Schönle et al., 
in preparation). This combination of two incoherent beams causes the 
resolution to depend on the orientation of the transition dipole and 
results in spikes along the x and y direction of the OTF when imaging 
randomly oriented fl uorophores (see Figure 12–10). New phase-plates 
have been proposed to avoid such effects and to improve the effective 
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saturation factors at a given total STED power. Incoherent combination 
can then be used to improve the resolution in all three spatial dimen-
sions. The resulting PSFs exhibit very weak dependence on dipole ori-
entation (Keller et al., in preparation) and allow application of STED to 
the imaging of biological specimen and reliable subsequent linear 
deconvolution (Willing et al., in preparation).

STED microscopy has also been successfully applied to the imaging 
of biological samples. Subdiffraction images with three-fold enhanced 
axial and doubled lateral resolution have been obtained with mem-
brane-labeled bacteria and live budding yeast cells (Klar et al., 2000). 
While there is some evidence for increased nonlinear photobleaching 
of some dyes when increasing the depletion intensity (Dyba and Hell, 
2003), there is no reason to believe that the intensities currently applied 
would be detrimental to live cells. This is not surprising since the 
intensities are two to three orders of magnitude lower than those used 
in multiphoton microscopy (Denk et al., 1990). Moreover, STED has 
proven to be single molecule sensitive, despite the proximity of the 
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STED wavelength to the emission peak. In fact, individual molecules 
have been switched on and off by STED upon command (Kastrup and 
Hell, 2004; Westphal et al., 2003).

The power of STED and 4Pi microscopy has been synergistically com-
bined to demonstrate for the fi rst time an axial resolution of 30–40 nm in 
focusing light microscopy (Dyba and Hell, 2002). The intensity distribu-
tion of the depleting light is formed by a 4Pi setting with destructive 
interference at the geometric focus leading to a zero intensity there and 
two neighboring maxima at a distance of approximately λ/4. This 
results in superior xz images, and the technique has initially been suc-
cessfully applied to membrane-labeled bacteria (Dyba and Hell, 2002). 
More recently, STED-4Pi microscopy has been extended to immunofl uo-
rescence imaging (Figure 12–11). A spatial resolution of ∼50 nm has been 
demonstrated in the imaging of the microtubular meshwork of a mam-
malian cell.76 These results indicate that the basic physical obstacles to 
attaining a 3D resolution of the order of a few tens of nanometers have 
been overcome. Since the samples were mounted in an aqueous buffer 
(Dyba and Hell, 2002; Dyba et al., 2003), the results indicate that the 
optical conditions for obtaining subdiffraction resolution are met under 
the physical conditions encountered in live cell imaging.

It is to be expected that ultrasmall detection volumes created by 
STED will also be useful in a number of sensitive bioanalytical tech-
niques. Fluorescence correlation spectroscopy (FCS) (Magde et al., 
1972) relies on small focal volumes to detect rare mole cular species or 
interactions in concentrated solutions (Eigen and Rigler, 2001; Elson 
and Rigler, 2001). While volume reduction can be obtained by nano-
fabricated structures (Levene et al., 2003), STED may prove instrumen-
tal in attaining ultrasmall spherical volumes at the nanoscale inside 
samples that do not allow for mechanical confi nement. The latter fact 
is particularly important to avoid an alteration of the measured fl uctua-
tions by the nanofrabricated sur face walls.

In fact, the viability of STED FCS has recently been shown in an 
experiment (Kastrup et al., 2005). In a particular implementation STED 
FCS has witnessed a reduction of the focal volume by a factor of fi ve 
along the optic axis and a concomitant reduction of the axial diffusion 
time. The initial experiments showed that for particular dyewavelength 
combinations the evaluation of the STED FCS data might be complicated 
by a seemingly uncorrelated background at the outer wings of the fl uo-
rescence spot where STED may not completely suppress the signal. 
Further investigations will show whether this challenge is easily over-
come in the near future. In any case, published results suggest a further 
decrease of the volume by another order of magnitude (Westphal et al., 
2003; Irie et al., 2002). An inherent disadvantage of STED is the necessity 
of an additional pulsed light train that is tuned to the red edge of the 
emission spectrum of the dye. Nevertheless STED is to date the only 
known method for “squeezing” a fl uorescence volume to the zeptoliter 
scale without making mechanical contact. Thus, the creation of ultrasmall 
volumes, tens of nanometers in diameter, by STED may be a pathway to 
improving the sensitivity of fl uorescence-based bioanalytical tech-
niques (Weiss, 2000; Laurence and Weiss, 2003).
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An important step toward far-reaching applicability of STED micro-
scopy was the demonstration of the suitability of laser diodes both for 
excitation and for depletion (Westphal et al., 2003). However, several 
issues remain to be addressed. Due to the considerably smaller detec-
tion volumes, the signal per pixel is reduced and the amount of pixels 
to be recorded increases. Therefore, it will be important to incorporate 
STED into fast, ideally parallelized scanning systems.
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While the transition to shorter wavelengths will further increase 
resolution by a factor of ∼1.5, it is most likely that the ultimate resolu-
tion limit in STED will be set by the stability of the marker used. The 
photostability of current markers was considerably improved by 
stretching the depleting pulse to >300 ps (Dyba and Hell, 2003), but it 
might not be easily possible to attain saturation factors ζ > 200 in the 
near future. Nevertheless, according to Eq. (27) ζ = 200 should already 
yield an improvement by one order of magnitude, provided that the 
actual intensity value at the “intensity zero” is indeed negligible at this 
saturation level.

As explained above (Eq. 30), the actual “depth” of the zero codeter-
mines the attainable resolution, because for relatively high saturation 
factors the saturable transition also becomes effective at the zero point 
or points. So far, typical depths were in the range of γ = 1–2.5% of the 
global maximum of the depleting intensity I(r). The zero could be a 
single point, as in a single beam scanning system, but in the case of a 
parallelized system, it may also be a line or an array of points or lines. 
The actual depth of the zeros will certainly depend on the particular 
setup and the quality of optical components and proper alignment. 
Independently of implementation details, active optical elements such 
as wavefront phase modulators will be a valuable tool to further “deepen” 
the zeros, which in turn will allow the full potential of the attained satu-
ration level to be exploited for improvement in resolution.

4.2 Variations of RESOLFT Microscopy and Producing Large 
Saturation Factors at Low Power

At this point, we reiterate that RESOLFT is not restricted to the process 
of stimulated emission, but can exploit any reversible (linear) transition 
driven by light; the attainable resolution is determined by the ratio of 
driving intensity and the competing transition rate kBA. If the applicable 
intensity is limited by the onset of photodamage to the marker or even 
to the sample, marker constructs must be found where high saturation 
levels are attained at lower intensities. This is certainly the case if the 
rate competing with the transition to be saturated is lower.

One such example is the GSD mentioned earlier. In this version of the 
RESOLFT concept the ground state (now state A) is depleted by target-
ing an excited state (B) with a comparatively long lifetime (Hell and 
Kroug, 1995; Hell, 1997), such as the meta-stable triplet state T1. In many 
fl uorophores T1 can be reached through the S1 with a quantum effi ciency 
of 1–10% (Lakowicz, 1983). Being a forbidden transition, the relaxation 
of the T1 is 103–105 times slower than that of the S1, thus yielding Is = 0.1–
100 kW/cm2. The signal to be measured (from the intensity zero) is the 
fl uorescence of the molecules that remained in the singlet system; this 
measurement can be accomplished through a synchronized further 
excitation (Hell and Kroug, 1995). For many fl uorophores, this approach 
is not straightforward, because T1 is involved in the process of photo-
bleaching, but there are potential alternatives such as the meta-stable 
states of rare earth metal ions that are fed through chelates.

Also proposed has been depleting the ground state S0 by populating 
the S1 (now B) (Heintzmann et al., 2002). This is the technically simplest 
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realization of saturated depletion, since it requires only excitation 
wavelength matching. However, as the fl uorescence emission maps the 
spatially extended “majority population” in state B, the super resolved 
images (represented by state A) are negative images hidden under a 
bright signal from B. Hence photon noise from the large signal might 
swamp the fl uorescence minima that occur when intensity zeros, where 
no fl uorescence is excited, are colocalized with fl uorophores. The sub-
sequent computational extraction of the positive image is therefore 
very dependent on an excellent signal-to-noise ratio. The saturation 
intensity is of the same order as in STED microscopy, because the satu-
ration of fl uorescence also competes with the spontaneous decay of S1. 
This probably results in photostability issues similar to the case of 
STED. In fact, the photobleaching should be exacerbated, since the satu-
rated transition is effected with higher energy photons that are gener-
ally more prone to facilitating photochemical reactions. Pumping the 
dye to a higher state rather than into the ground state also favors pho-
tolability. Moreover, the fact that a large number of dye molecules 
constantly undergo excitation–emission cycles to image a compara-
tively small spot adds to the problem. Finally, saturation of the S1 will 
be possible only if the long-lived triplet state is not allowed to build up 
during repeated excitation. As most dyes feature a triple relaxation rate 
of >1 µs (that strongly depends on the environment), effective triplet 
relaxation requires a pulse repetition rate <500 kHz. Nevertheless, due 
to the simplicity of raw data acquisition it may remain an attractive 
method for the imaging of very bright and photostable samples.

One possible solution to the quest for large saturation factors at low 
intensities should be compounds with two (semi)stable states (Hell 
et al., 2003; Dyba and Hell, 2002). If the rate kBA (and the spontaneous 
rate kAB) almost vanish, large saturation factors are attained at very low 
intensities. The lowest useful intensity is then determined by the 
slowest acceptable imaging speed, which is ultimately determined by 
the switching rate. A favorable aspect is that in most bistable com-
pounds the speed of the actual switching mechanism, i.e., of the con-
formational change, is less than a few nanoseconds, which is much 
faster than the typical pixel dwell time in scanning. In the ideal case, 
the marker indeed is a bistable fl uorescent compound that can be pho-
toswitched at separate wavelengths, from a fl uorescent state A to a dark 
state B, and vice versa, where spontaneous rates will not infl uence this 
compromise.

Recently, a photoswitchable coupled molecular system, based on a 
photochromic diary lethene derivative and a fl uorophore, has been 
reported (Irie et al., 2002). Using the kinetic parameters reported, Eq. 
(27) predicts that focusing of less than 100 µW of deep-blue “switchoff 
light” to an area of 10−8 cm2 for 50 µs should yield better than 5 nm spatial 
resolution. Future targeted optimization of photochromic or other com-
pounds to fatigue-free switching and visible light operation could there-
fore open up radically new avenues in microscopy and data storage (Hell 
et al., 2003).

For live cell imaging, fl uorescent proteins have many advantages 
over synthetic dyes. Many of them feature dark states with light-driven 
transitions (Hell, 1997; Hell et al., 2003). If the spontaneous lifetimes of 
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these states are longer than 10 ns such proteins may permit much larger 
saturation factors than those used in STED microscopy today. The most 
attractive solution, however, involves fl uorescent proteins that can be 
“switched on and off” at different wavelengths (Hell et al., 2003). An 
example is as FP595 (Lukyanov et al., 2000), insertion of the published 
data into Eq. (27) predicts saturated depletion of the fl uorescence state 
with intensities of less than a few W/cm2 and, under favorable switch-
ing conditions, spatial resolutions of better than 10 nm.12 The involved 
intensities should also enable parallelization of saturation through an 
array of minima or dark lines.

Initial realization of very low-intensity depletion microscopes may 
be challenged by switching fatigue (Irie et al., 2002) and overlapping 
action spectra (Lukyanov et al., 2000). Nevertheless, the prospect of 
attaining nanoscale resolution with regular lenses and focused light is 
an incentive to surmount these challenges by strategic fl uorophore 
modifi cation (Hell et al., 2003) and this or similar types of fl uorescent 
proteins are a good starting point for these efforts.

5 Conclusion

The coherent use of opposing lenses enables the axial resolution of a 
far-fi eld microscope to be improved by a factor of 3–7. The improvement 
in resolution occurs if the spherical wavefronts of illumination are coher-
ently added at the focus, or the emerging spherical wavefronts of fl uo-
rescence are coherently added at the detector, because in both cases the 
total aperture of the system is enlarged. The latter fact is the basic tenet 
of the concept of 4Pi microscopy. The mere implementation of interfer-
ence of low aperture (or fl at) wavefronts is insuffi cient, because the “4Pi 
concept” of aperture increase is the underlying physical element of the 
improvement in resolution. Consequently, the success of increasing the 
axial resolution by two opposing lenses fully relies on large aperture 
angles and on the degree to which the aperture angle is utilized in the 
particular implementation.

Adding the spherical wavefronts both for illumination and detec-
tion, (multiphoton) 4Pi confocal microscopy of type C utilizes the 
lenses’ aperture as much as possible. As a result, this imaging mode 
features a contiguous and weakly modulated effective OTF that is 
robust enough for live cell imaging in an aqueous environment. On the 
other hand, I5M uses a mutually incoherent set of fl at standing waves 
with varying spatial frequency for illumination. To be viable, I5M adds 
the spherical wavefronts of fl uorescence emission at the detector; in 
other words, it uses a 4Pi scheme for detection. The compromise in the 
illumination path with regard to the “4Pi concept” bestows the OTF of 
the I5M with internal regions of very weak frequency transfer. The I5M 
is therefore more prone to artifacts and probably not reliably applicable 
in live cells.

With the 4Pi idea as the key physical element in the process, it is not 
surprising that both 4Pi microscopy and I5M would benefi t from lenses 
with higher semiaperture angles than those currently available. An 
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increase of the semiaperture angle even by only a few degrees would 
make a large difference in I5M. This difference would be even more 
decisive than in 4Pi microscopy, which already exploits the available 
aperture to the highest possible degree.

Although 4Pi microscopy has demonstrated a 3D resolution in the 
100 nm range following deconvolution, the method is still limited by 
diffraction. The latter is no longer the case with the emerging approaches 
exploiting a reversible saturable transition between two states of a 
marker, which we termed RESOLFT. In a microscope using the 
RESOLFT principle, the resolution is no longer limited by diffraction 
but by the attainable level of saturation of a (linear) optical transition 
in the marker molecule. Therefore the “hard” theoretical resolution 
barrier is replaced by a “soft” barrier determined solely by practical 
conditions such as available laser power, cross sections, and the stabil-
ity of the dye and the sample. The enhanced resolution has already been 
demonstrated (Hänninen, 2002) in a number of imaging experiments.

It is important to realize that while an effectively nonlinear interac-
tion between light and dye is the basis for this resolution increase, these 
methods do not require transitions involving more than one photon at 
a time, such as m-photon excitation, mth harmonics generation, or coher-
ent anti-Stokes–Raman scattering (Sheppard and Kompfner, 1978; Shen, 
1984). This means that the required intensities are not determined by 
the very small cross sections of these processes and the requirement for 
ultrahigh (peak) intensities. By contrast, the saturation of a linear optical 
transition depends on the basic kinetics of the population of the involved 
states. Consequently, pulse-length requirements are less strict and, most 
importantly, the required intensities can be signifi cantly reduced by 
choosing appropriate spectroscopic systems.

To date STED microscopy is the most advanced implementation of 
the RESOLFT principle. It has been well characterized by its applica-
tion to single fl uorescent molecules and has been applied to imaging 
fi xed and live, albeit simple biological specimens. Improvements in 
resolution by a factor of up to eight have already been demonstrated 
and the resulting fl uorescent volumes are the smallest that have ever 
been created with focused light. The results hitherto obtained with 
STED must not be considered as a new limit but as proof of the viability 
of the concept of RESOLFT and STED microscopy in particular. Because 
this method is very young, future research on spectroscopy conditions 
and on practical aspects (Stephens and Allen, 2003) should lead to 
further improvements.

Nevertheless, due to the rather fast relaxation of the excited state 
STED requires intensities of the order of at least several tens of MW/
cm2. Hence, there will be a practical limit to the applicable intensity and 
to the saturation level attainable under practical conditions. Intrigu-
ingly, the intensities required for obtaining a high saturation level can 
be fundamentally lowered in other implementations of the RESOLFT 
concept. This is particularly true when utilizing optically bistable 
markers, such as photoswitchable dyes and photochromic fl uorescent 
proteins. Both are very promising candidates for providing high levels 
of saturation at ultralow intensities of light (Hell et al., 2003). In fact, we 
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expect them to play an important role in translating nanoscale resolu-
tion into the noninvasive, all-optical imaging of live cells. Dedicated 
synthesis or protein engineering might eventually uncover a whole new 
range of suitable markers.

Light microcopy is still commonly portrayed as fundamentally reso-
lution limited. However, about a decade ago, concepts emerged that 
broke the diffraction barrier postulated by Abbe in 1873. These devel-
opments are poised to radically extend the fi eld of application for far-
fi eld light microscopy and eventually lead to far-fi eld “nanoscopes” 
operating with regular lenses and visible light.
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13
Principles and Applications of Zone 

Plate X-Ray Microscopes
Malcolm Howells, Chris Jacobsen, and Tony Warwick

1 Introduction

1.1 Background

In the 1949 issue of Scientifi c American, an article by Stanford physicist 
Paul Kirkpatrick on “The X-ray Microscope” (Kirkpatrick, 1949) was 
described by the editors as follows:

“It would be a big improvement on microscopes using light or electrons, for 
X-rays combine short wavelengths, giving fi ne resolution, and penetration. The 
main problems standing in the way have now been solved.”

With the perspective of a half century, we might change “improvement 
on” to “complement to” and say that further problems were solved after 
1949, but here in essence is the character of X-ray microscopes.

In this chapter, we outline some of the properties of X-ray microscope 
systems in operation today, and highlight some of their present applica-
tions. We will not discuss the history of X-ray microscopes prior to 
about 1975 but instead refer the reader to a series of conference proceed-
ings known as “X-ray Optics and X-ray Microanalysis,” which began in 
1956. Originally these had valuable material on X-ray microscopy but 
this diminished after about 1970. The fi rst fi ve were at Cambridge (1956) 
(Cosslett et al., 1957), Stockholm (1959) (Engström et al., 1960), Stanford 
(1962) (Pattee et al., 1963), Orsay (1965) (Castaing et al., 1966) and Tub-
ingen (1968) (Molenstedt et al., 1969). We also recommend the historical 
perspectives by A. Baez (Baez, 1989, 1997) and the book by Cosslet and 
Nixon (1960). There is a recognisable thread of continuity between 
today’s status of the fi eld and efforts that began slowly around 1975 
(Niemann et al., 1976; Parsons, 1978; Kirz and Sayre, 1980c; Parsons, 
1980) and blossomed with the availability of synchrotron light sources 
and nanofabrication technologies; this thread can be traced in part via 
the proceedings of another conference series that began in 1984 
(Schmahl and Rudolph, 1984a) and has continued until today (Sayre et 
al., 1988; Michette et al., 1992; Aristov and Erko, 1994; Thieme et al., 
1998b; Meyer-Ilse et al., 2000b; Susini et al., 2003). Zone-plate X-ray 
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microscopes now exist at roughly two dozen international synchrotron 
radiation research centers (see Table 13–3), and commercial lab-based 
instruments are also available. Three types are in especially wide-
spread use. Transmission X-ray microscopes (TXMs) specialize in the 
rapid acquisition of 2D images using high fl ux sources, and in the col-
lection of tilt sequences of projection images for 3D imaging by tomog-
raphy. Scanning transmission X-ray microscopes (STXMs) specialize in 
the acquisition of reduced dose images and point spectra with high 
energy resolution for elemental and chemical state mapping, and 
require high source brightness. Scanning fl uorescence X-ray micro-
probes (SFXMs) are similar to STXMs except that fl uorescence X-rays 
are collected by energy-resolving detectors for trace element mapping. 
All three approaches are now working below 100 nm resolution, to the 
point of reaching 15 nm resolution in some demonstrations (Chao et al., 
2005). While many of the new technical developments continue to be 
pursued by specialists in X-ray optics and microscopy, much of present-
day activity comes from scientists in other fi elds of research who are 
using X-ray microscopes to address their particular questions. This 
chapter is mainly aimed at scientists from the latter group as well as 
those from the other communities represented in the content of this 
series of books.

1.2 X-Ray Interactions

A microscope requires illumination, magnifi cation, and contrast. The 
characteristics of X-ray interactions with matter affect all three. In 
Figure 13–1, we show the cross-section (Hubbell et al., 1980) for photo-
electric absorption, coherent (elastic or Thomson) scattering, and inco-
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Figure 13–1. X-ray interaction cross sections in carbon. At energies below 
about 10 keV, absorption dominates so that images are free from the complica-
tions of multiple scattering. [Data from Henke et al. (1993) and the NIST XCOM 
database (Saloman and Hubbell, 1987).]
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herent (inelastic or Compton) scattering for carbon. Below 10 keV, 
absorption dominates, so multiple X-ray scattering is usually not of 
concern (an X-ray is much more likely to be absorbed following any 
scattering event than scattered again) nor is inelastic scattering. 
However, what is not evident in Figure 13–1 is the fact that the propa-
gation of X-rays in materials can also include refractive effects, and in 
fact it was Einstein (1918) who fi rst pointed out that the refractive index 
is slightly less than unity. The X-ray refractive index for a wave forward 
propagated as exp[−i(kñx − ωτ)] is often written as ñ = 1 − δ − iβ where 
δ represents the phase-shifting part of the refractive index and β rep-
resents absorption according to a linear coeffi cient µ = 4πβ/λ in the 
Lambert-Beer law I = I0 exp[−µt]. In an anomalous dispersion model, 
the refractive index terms can furthermore be written as (δ + iβ) = αλ2( f1 
+ if2) with α = nare/2π, where na = ρNA/A gives the number density of 
atoms, re = 2.82 × 10−15 m is the classical radius of the electron, and ( f1 
+ if2) represents the frequency-dependent oscillator strength of an 
atom. This oscillator strength ( f1 + if2) has been tabulated with very 
good absolute accuracy for all elements by Henke, Gullikson et al. 
(Henke, 1993) over the energy range 10–30,000 eV (see Figure 13–2). In 
examining Figure 13–2, two features immediately jump out: f1 is some-
what constant except near absorption edges, so the thickness tπ = λ/2δ 
= 1/(2αλf1) needed to provide a phase advance exp[ikδtπ] equal to π 
increases as λ−1, while, because f2 scales as E−2 or λ2, the thickness 1/µ 
= 1/(4παλf2) that produces an attenuation of 1/e increases as E3 or λ−3. 
As a result, phase contrast becomes the dominant contrast mechanism 
as one goes to shorter wavelengths (Schmahl and Rudolph, 1987).
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Figure 13–2. The frequency-dependent oscillator strength ( f1 + if2) for carbon 
and gold. At X-ray absorption edges (such as 290 eV for carbon), f2 has step 
increments, while f1 undergoes anomalous dispersion resonances. (Reprinted 
from Henke et al., © 1993, with permission from Elsevier.)
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Much of modern X-ray microscopy centers on the exploitation of X-
ray absorption edges. X-ray absorption edges arise when the X-ray 
photon reaches the threshold energy needed to completely remove an 
electron from an inner-shell orbital. The energy at which this occurs is 
approximately given by the Bohr model as En = (13.6 eV)(Z-zshield)2/n2, 
where Z is the atomic number, zshield approximates the partial screening 
of the nucleus’ charge by other inner-shell electrons (zshield ≈ 1 for K 
edges), and n is the principal quantum number (n = 1 for K edges, 2 
for L edges, and so on). This produces the step-like rise in the cross-
section for photoelectric absorption that can be seen in the plots of f2 
in Figure 13–2. If one takes one image I1 at an energy E1 just below an 
element’s absorption edge where the incident fl ux is I01, and a similar 
image I2 at an energy just above an absorption edge, one can recover 
the mass per area mx/A of the element x from (Engström, 1946)
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This approach works well for mass concentrations greater than about 
1%. Another way in which X-ray absorption edges are exploited is by 
means of the “water window.” At X-ray energies between the carbon 
and oxygen absorption edges at 290 and 540 eV, respectively, organic 
materials show strong absorption contrast while water layers up to 
several µm thick are reasonably transmissive (Wolter, 1952); this is 
particularly valuable for imaging hydrated biological and environmen-
tal science specimens.

For those elements which have absorption edges below the energy 
of incident X-rays so that inner-shell ionization occurs, the aftermath 
of absorption involves the emission of either a fl uorescent photon or 
an Auger electron of characteristic energy. The energy of these fl uores-
cent photons, and the fl uorescence yield (Krause, 1979) (the fraction of 
events which result in fl uorescence rather than Auger electron emis-
sion), are both shown in Figure 13–3. At X-ray energies below 1 keV, 
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Auger emission dominates, and scanning photoemission microscopes 
(SPEM) use electron spectrometers to exploit these electrons for surface 
studies (Ade et al., 1990a; Günther et al., 1997; Warwick et al., 1997; Ko 
et al., 1998). At higher energies, the fl uorescence signal dominates and 
detection of these characteristic X-rays provides information on the 
concentration of various elements in the specimen. Most scanning 
fl uorescence X-ray microprobes (SFXM) (Horowitz and Howell, 1972; 
Sparks, 1980) use energy dispersive detectors where the number of 
electron-hole pairs created by each fl uorescent photon is used to 
measure its energy, though crystal-based wavelength dispersive spec-
trometers can also be used. Exact quantitation of the elemental concen-
tration requires accurate knowledge of a number of factors, including 
the solid angle acceptance of the detector and its quantum effi ciency, 
the degree to which fl uorescent photons are reabsorbed in the speci-
men, and other factors, so that in most cases comparison is made with 
standards with known elemental concentration and matrix concentra-
tion similar to that of the specimen under study. When compared with 
electron microprobes, X-ray microprobes do not suffer from expansion 
of the probe beam due to electron scattering, or a large continuum 
background, so that the sensitivity to trace elements is often in the 100 
parts per billion range.

Because X-ray interactions are well understood and do not involve 
signifi cant complications due to multiple scattering at energies below 
about 10 keV, reliable predictions of image contrast can be made. If we 
have a normalized signal If from a feature-containing pixel and Ib from 
a background region, the signal to noise ratio obtained with N illumi-
nating photons is (Glaeser, 1971; Sayre et al., 1977a)

 SNR
Signal
Noise

= =
−
+

=N
I I
I I

Nf b

f b

Θ  (2)

where we have used the Gaussian approximation to Poisson statistics 
(which is quite good for NI greater than about 10) and the assumption 
that there are no other noise sources with signifi cant fl uctuations. The 
contrast parameter Θ is different from the usual defi nition of contrast 
due to the square root in the denominator. With this defi nition, the 
number of photons required to see a feature with a desired signal to 
noise ratio SNR is given by N = (SNR)2/Θ2, and a common choice for 
the minimum detectable signal to noise ratio is the Rose criterion of 
SNR = 5 (Rose, 1946). Using this approach, Sayre et al. showed that 
“water window” X-ray microscopes are able to image organic speci-
mens in micrometer-thick water layers with greatly reduced radiation 
dose compared to electron microscopy (Sayre, 1977b; Sayre, 1977a). 
This conclusion remains true even when modern energy-fi ltered elec-
tron microscopes are considered (Grimm et al., 1998; Jacobsen et al., 
1998) (see Figure 13–4). Other investigators have extended the same 
approach to include the effects of phase contrast (Rudolph et al., 1990; 
Gölz, 1992) (see Figure 13–5) and the reduction of modulation transfer 
at high spatial frequencies (Schneider, 1998), while Kirz et al. have used 
this approach to compare elemental mapping using both differential 
absorption and X-ray fl uorescence (Kirz et al., 1978, 1980a, 1980b).
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1.3 Focusing Optics

Microscopes require focusing optics, or some other means to provide 
a magnifi ed view of the object. X-rays refl ect well from single refractive 
interfaces only at grazing angles of incidence less than a critical angle 
of θ δc ≈ 2  which is typically in the range of 1–5º for soft X-rays. (Once 
a particular angle has been selected, this same relationship gives a 
critical energy above which the refl ectivity becomes low; this can be 
used to low-pass-fi lter the energy spectrum from a radiation source). 
While a number of labs have explored the use of axially symmetric 
paraboloid or hyperboloid optics (Wolter, 1952; Aoki, 1994), most present 
efforts center on the use of two orthogonal cylindrical grazing mirrors 
in the Kirkpatrick-Baez geometry (Kirkpatrick and Baez, 1948). Advan-
tageous characteristics of these optics include their relatively long focal 
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Figure 13–4. Estimated radiation dose required for imaging 30-nm-protein 
features as a function of ice thickness for 200 keV electron microscopes and 
520 eV soft X-ray microscopes. (Reprinted from Jacobsen et al., 1998, with per-
mission from Springer Science+Business Media.)

Figure 13–5. Estimated radiation dose required for imaging 20-nm-thick 
protein features in various ice thicknesses as a function of X-ray energy; 100% 
effi cient optics and detectors are assumed.
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length (several centimeters is typical) and their low chromaticity, so 
that the incident beam energy can be tuned for spectroscopy without 
any need to adjust the focus on the specimen. Optics of this sort have 
recently achieved better than 100 nm resolution probe sizes using 12 keV 
X-rays (Hignette et al., 2003; Yamamura et al., 2003; Mimura 
et al., 2004), although the profi le of the focus always has some degree 
of “tail” outside of the geometrical image of the source due to scattering 
from the residual surface roughness of even the best available mirrors. 
Synthetic multilayer X-ray mirrors (Spiller, 1972; Barbee et al., 1981) can 
increase the incidence angle well beyond θc for narrow-bandwidth 
radiation, and can achieve good refl ection effi ciencies for normal inci-
dence refl ection at photon energies below about 200 eV. This approach 
has seen rapid improvements due to the development of EUV projec-
tion lithography at 95 eV. However, notwithstanding recent progress in 
mirror manufacture, it is important to recognize that even a perfectly 
made Kirkpatrick-Baez mirror system still suffers from aberrations, 
especially obliquity of fi eld, which severely restrict its fi eld of view and 
therefore its performance as a microscope. On the other hand, it is still 
well-able to focus points on or near the optical axis, which has led to a 
resurgence in its popularity for microprobes and relay mirrors that are 
imaging small sources such as synchrotrons.

When Röntgen discovered X-rays, he immediately tried to focus 
them using refractive lenses but without success. The reason for this 
is now well known: the focal length for a planoconvex lens with radius 
of curvature Rc is given by fR = −Rc/δ, so that at 10 keV a glass lens with 
Rc = 1 cm would have a focal length of about 2 km. This does not pre-
clude the usefulness of refractive optics, however; a series of lenses 
with small Rc can be placed together to produce a signifi cant net focus-
ing effect. One simple way to achieve this result in 1D is to drill a series 
of holes in a solid block (Snigirev et al., 1996), and more recent work 
using parabolic optics has demonstrated a resolution of about 100 nm 
for hard X-ray imaging (Lengeler et al., 2002) with theoretical promise 
for sub-10 nm resolution imaging (Schroer and Lengeler, 2005). Because 
the ratio of phase shift to absorption increases with increasing X-ray 
energy, these optics work primarily at energies above about 5 keV, and 
at higher energies one will ultimately need to consider the contribu-
tions of inelastic scattering to the image due to the overall thickness of 
the optic. Still, this approach is of interest especially since these optics 
can be easily water cooled for high power applications.

The third way to focus X-rays is to use diffraction. While bent crys-
tals can provide focused beams of Bragg or Laue diffracted X-rays, 
most work in X-ray microscopy centers on the use of microfabricated 
diffractive optics in the form of Fresnel zone plates. Efforts in X-ray 
microscopy using zone plate optics date back nearly a half century 
(Baez, 1960, 1961), and X-ray Fresnel zone plates are now benefi ting 
from a high degree of development. Apart from detailed literature that 
we will cite in Section 2. general reviews can be found in the books by 
(Michette, 1986; Attwood, 1999). Due to their popularity as high resolu-
tion optics for X-ray microscopy, the properties of Fresnel zone plates 
are described in some detail below.
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1.4 Overview and Recent Trends

We now review some of the general trends of X-ray microscopy tech-
nology and how they might affect the planning of a new X-ray micros-
copy program today. In this section, the number of relevant references 
is essentially unlimited so we cite instead the subsections of this article 
where many of the references can be found.

Modern X-ray microscopy was based on the twin ideas of the water 
window (Section 1.1) and microfabricated zone-plate lenses (Section 2). 
These led initially to life-science experiments consisting of 2D imaging 
of wet samples in room-temperature air with “naturalness” as the 
unique capability of the technique. Early versions of both the TXM 
(Section 3.1.1) and STXM (Section 3.1.3) were capable of such imaging 
and this style of X-ray microscopy has proved to be good fi t to 
many of the needs of the polymer (Section 4.3) and environmental 
research communities (Section 4.2) among others. However, the room-
temperature approach could not be easily adapted to 3D imaging of 
radiation-sensitive samples and this was something for which there 
was, and still is, considerable demand. On the other hand the STXM, 
even in its earliest realizations, was ready to begin the development of 
spectromicroscopy (Sections 3.5 and 4). This development has contin-
ued over the last two decades or so and spectromicroscopy is now quite 
a mature fi eld that spans a wide range of application areas.

The step which has brought 3D imaging of biological samples within 
reach has been the recent move toward X-ray microscopy of hydrated 
biological samples frozen to cryogenic temperatures. For this type of 
sample, X-ray microscopy fi lls an important gap in the range of resolu-
tion values and sample thicknesses which can be covered by other 
methods. The use of cryogenic temperatures is the key step in provid-
ing enough radiation-damage protection (see Figure 13–5) to enable 
tomographic (three-dimensional) imaging (see Section 3.4). However, 
3D cryomicroscopy requires signifi cant technical additions to the X-ray 
microscope including either the use of a vacuum sample chamber or a 
gas-stream approach to keeping the sample cold plus the mechanical 
devices required for recording a tilt series.

The interest in 3D imaging is also high in materials science and 
engineering where there is a similar gap in the coverage by other 
methods and where generally the samples have higher atomic num-
ber and have nonaqueous background materials (microcircuits for 
example). For these samples the water window has no advantage and 
X-ray microscopy at higher X-ray energies allows examination of bigger 
samples and has in fact been going on for some time. Even in biology 
there are factors pushing in the same direction. Ice is equally transpar-
ent at 1.5 keV as in the water window. Moreover, the 1.5–3.0 keV region 
gives less absorption and more phase contrast so there is only a moder-
ate increase of the required radiation dose compared to the water 
window (see Figure 13–5). In this energy range zone plates also have 
longer focal lengths (important for sample tilting) and greater depth 
of focus (important for 3D reconstruction (Section 3.4.2)). Overall, 
multi-keV 3D X-ray microscopy has great promise but it poses some-
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what different challenges with respect to the resolution/effi ciency 
capabilities of the zone plates and the provision of a suitable 
condenser.

When possible we have cited publications in widely available jour-
nals rather than conference proceedings. However, good snapshots of 
the fi eld are provided at three-year intervals by the series of conference 
proceedings dating back to 1984 (Section 1.1). As of the time of writing 
of this chapter the most recent one (of which the proceedings 
(Kagoshima et al., 2006) have not yet been published) was in Himeji, 
Japan, in 2005. We have in some cases cited papers in the proceedings 
of this conference because they have not appeared yet elsewhere. This 
is especially true for papers on multi-keV X-ray microscopy which was 
a growth subject at Himeji. Reports on the high-aspect-ratio zone plates 
needed for multi-keV X-ray microscopy (Section 2.4.6) were particu-
larly promising. Zone plates of 50 nm outer zone width for 3–10 keV 
and 30 nm for 1–3 keV were reported with effi ciencies of at least 10% 
(Section 2.4.6). Several of the former are operational in synchrotrons. 
Equally signifi cantly, images were shown using a 50 nm zone plate in 
3rd order to get sub-30-nm resolution (Section 2.4.6).

The resolution values of the best water-window and multi-keV three-
dimensional images are both currently around 60 nm. The underlying 
reasons for this value probably include the depth of focus effect (3.4b) 
for water-window images and the zone plates for multi-keV ones. If 
this is true, then the above reports suggest that the tools are now in 
place for improvements to the 60 nm limit.

On condensers the news was also good. It was announced publicly 
for the fi rst time that single-refl ection monocapillary mirrors have been 
in use for some time as condensers for multi-keV TXMs and that exten-
sive 3D imaging has already been done using them. The condenser 
system (Section 2.4.3) has traditionally been the Achilles heel of the 
TXM and this new generation of condensers is delivering an elegant 
solution which is described in more detail in Section 2.4.4. Apart from 
removing various limitations of the condenser-zone-plate, the most 
important innovation is energy-tunability. This combined with its 
multiplexed data collection could make the TXM competitive in the 
spectromicroscopy arena for specimens that are tolerant of its 
higher dose.

The TXM and STXM have always been seen as complementary 
devices; roughly equally popular (Table 13–3) and with important 
advantages on both sides. We do not believe that that general percep-
tion is likely to change in the near future. The STXM will always have 
the advantage in trace element mapping, the ability to instantly switch 
from high to low magnifi cation, the ability to hold constant magnifi ca-
tion even when the X-ray energy is changing, the ability to image at 
close to the theoretical minimum dose and so forth. On the other hand, 
the TXM is going through a period of technical enhancement. It has 
been moving into the multi-keV region and into cryomicroscopy which 
together with its traditional main asset, multiplexed data collection, is 
strengthening its capability in tomography which appears to us to be 
its natural home.
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2 Fresnel Zone Plates

2.1 Introduction

A Fresnel zone plate is a circular diffraction grating that can be made 
to focus light waves in the manner of a lens. It consists of a series of 
concentric, usually metal, rings alternating with circular slots. Typi-
cally the rings are about equal in width to the slots and are fabricated 
on a thin membrane. The design is based on the idea, that by blocking, 
say, the even-numbered Fresnel half-period zones (Born and Wolf, 
1999), the wavelets from the remaining (odd-numbered) zones will add 
constructively. To see this quantitatively, consider plane-wave illumi-
nation of a zone plate with n zones with radius rn, outer zone width 
∆rn, and a focal length f at wavelength λ (Figure 13–6). To get a fi rst 
order diffracted beam in which the signals from all the open zones 
reinforce at the focus, we need a path difference λ between neighboring 
open zones. In other words the optical path r f nn

2 2 2+ − λ  should 
equal f. Expanding the square root and neglecting terms above fourth 
order, we obtain

 n r
f

r
f

n nλ
2 2 8

2 4

3
= − +�  (3)

Evidently the focusing condition is

 r2
n = nλf (4)

to second order and

 r n f
n

n
2

2 2

4
= +λ λ  (5)

to fourth order. In view of Eq. (7), we can neglect the fourth order 
(spherical-aberration) term of Eq. (3) if the numerical aperture (NA) << 
1 which is often the case for X-ray zone plates. If the fourth-order term 
is signifi cant, then the zone plate can be made according to (5) and will 
be corrected for spherical aberration but the correction will only apply 
near the chosen wavelength and conjugate distances (� and f). If it can 
be neglected, we have r n fn = λ , and this defi nes a zone plate that will 

zone plate
     lens

focusf

rn

Figure 13–6. Geometry to calculate the radius of the nth half-period zone of 
a zone plate illuminated by parallel light. The path from the nth zone to the 
focus must be equal to f plus n/2 waves.
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focus well for a range of wavelengths, although the focal length will 
vary inversely with wavelength. Thus the chromatic aberration of a 
zone-plate lens is much larger than that of a refractive lens and, to get 
a good focus, the zone plate needs to be illuminated by monochromatic 
light. The required degree of monochromaticity for achievement of the 
diffraction-limited resolution is roughly given by ∆λ/λ ≤ 1/n (Thieme, 
1988).

Some useful quantities follow from the fundamental zone-plate 
Eq. (4). First we can take the difference between the nth and (n − 1)th 
equations to get the outer zone width ∆rn

 ∆r
f

r
n

n

=
λ
2

. (6)

This allows the conclusion that all of the zones have equal area and 
also gives us the numerical aperture

 NA
r
f r
n

n

≡ = λ
2∆

, (7)

and thence the Rayleigh resolution

 δ
λ

Rayleigh n
NA

r= =
0 61

1 22
.

. ∆ . (8)

Thus we see that a given zone plate can be specifi ed by its rn and ∆rn 
from which the resolution (which is independent of wavelength) and 
the focal length and numerical aperture at any given wavelength, 
follow from Eq. (8), Eq. (6) and Eq. (7) respectively. So far we have been 
discussing the fi rst-order focus but in general, beams of all integral 
orders may be produced. Thus there is a zero-order (unfocused) beam, 
a series of positive-order converging beams with focal distance f/m and 
a series of negative-order diverging beams with focal distance −f/m 
(Figure 13–7). In mth order the numerical aperture is m times larger 
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Figure 13–7. Diagram showing orders number 
−5, −3, −1, 1, 3, 5 of a zone plate. Compared to 
the incident beam, the negative orders diverge, 
the positive orders converge and the zero order 
(omitted for clarity) has the same shape. For 
plane-wave illumination, the virtual foci of the 
negative order beams and the real foci of the 
positive order beams are at distances | f |/m from 
the zone plate where | f | is the focal distance of 
fi rst order. (From Attwood, © 1999, with permis-
sion of Cambridge University Press.)



846 M. Howells et al.

and hence the resolution is m times smaller (better) than in fi rst order. 
As we will see, if the open and opaque zones are of equal width, then 
the even orders are missing.

2.2 Zone Plate Image Quality

2.2.1 Optical Path Function Analysis
We consider the imaging of a general point A (x,y,z) by a planar zone 
plate lying in the y − z plane (Figure 13–8) (Kamiya, 1963). We will use 
the method of the optical path function so we start by calculating the 
optical path from A to a general point B (x′,y′,z′) that we will later iden-
tify as the Gaussian image point. Without loss of generality we set y = 
y′ = 0. We calculate the path APB where P (0,w,l) is a general point in 
the zone plate. The expression for the optical path will be a power 
series in the aperture coordinates, w and l, and the fi eld angle, z/x and 
each term in the series will represent a specifi c aberration. Evidently

 AP = + + −x w z l2 2 2( )  (9)

so expanding the square root and keeping terms up to fourth order, 
we have
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There is an identical series for PB except that, for PB, the x, y and z are 
replaced by x′, y′, and z′ (Figure 13–8). We are now in a position to write 
down the optical path function, F. Before doing so we drop terms 
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Figure 13–8. Notation for the optical-path-function analysis of a zone plate.
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which do not depend on w, l or z/x because they do not represent aber-
rations, and introduce the term −nmλ/2 as we did to get Eq. (1). We 
choose to analyze the case of a parabolic zone plate (that is one built 
according to Eq. (4)) so initially, we use Eq. (4) to write the optical path 
function up to third order only, as follows.
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Specializing to the case when B is the Gaussian image point, the fi rst 
(defocus) term vanishes and by considering the ray AOB we obtain

 z/x = −z′/x′ (12)

so that the second term also vanishes. This leaves only the fi ve fourth-
order terms
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These are the fi ve Seidel aberrations; spherical aberration, astigmatism, 
distortion, fi eld curvature and coma respectively. Because of Eq. (12), 
the distortion term vanishes identically which is a useful property of 
zone-plate lenses and we can therefore turn our attention to the remain-
ing aberrations.

2.2.2 Ray Aberrations
We need to know the ray pattern delivered by the zone plate for a given 
point object. That is, we want the ray aberrations ∆y′ and ∆x′ relative 
to the Gaussian image point (coordinates identifi ed by subscript zero). 
For a normal-incidence optic these are given by the following expres-
sion (Born and Wolf, 1999)

 ∆ ∆′ = ′ ′ = ′y x
F
w

z x
F
l

0 0
∂
∂

∂
∂

,  (14)

We now apply this to the Seidel aberrations individually.

2.2.3 Spherical Aberration
We can rearrange the spherical aberration term using the magnifi cation 
M = x′0/x

 F
w l

f
M
M

sp ab = −
+( ) +

+

2 2 2

3

3

38
1

1( )
 (15)

The last term of this expression, which we will denote by Θ, approaches 
unity in the cases of interest to us namely M large (a microscope) or 
M small (a microprobe). If we consider the case that Θ does approach 
unity, then Eq. (15) reduces to the fourth-order term of Eq. (3). This is 
expected because we are reverting to the conjugates used to derive (3) 
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(� and f) and the parabolic zone plate we are analyzing is not corrected 
for spherical aberration. Treating the case of a microscope (x ≈ f) and 
using the notation r w l= +2 2 , we now substitute from (15) into (14) to 
obtain the ray aberrations
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Thus we see that the image-plane fi gure produced by a point object via 
the rays passing through the rim of the lens (r = rn), is a circle of diam-
eter DSA where

 DSA = M(NA)2rn (17)

This is produced irrespective of the position of the object point. The 
presence of uncorrected spherical aberration means there will be an 
optimum value of the NA, that is the largest NA for which the resolu-
tion is still diffraction-limited. This can be estimated (Michette, 1986) 
by requiring that the path error be less than the Rayleigh quarter-wave 
limit

 NA
f

opt =
2

4
λ

Θ
 (18)

In practice the spherical aberration of a parabolic zone plate is often 
not negligible in the soft X-ray region (see Figure 13–9 for example) 
and therefore soft X-ray zone plates are usually made according to Eq. 
(5), which means that the spherical aberration is corrected for the 
chosen wavelength. In these cases we may ask what happens when 
such a zone plate is used with a wavelength other than the correction 
wavelength. We therefore consider a zone plate corrected for a given 
wavelength in fi rst positive order with M very small as shown in 
Figure 13–6 and we assume that the correction is also small (NA << 1). 
Now using a subscript zero to represent the properties of the corrected 
zone plate and subscript one to represent the properties of the same 
zone plate operating at another wavelength, we can apply Eq. (5) for 
the nth and (n − 1)th zone to show that ∆rn ≅ (λ0f0 + nλ2

0/2)/2rn. From 
that we can use the grating equation to get the ray deviation angle (ε0) 
at the zone plate and thus the ray displacement (ε0f0) at the detection 
plane when the zone plate images a distant axial point (M small):

 ε
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0 0
0

0
0

21
2 2

f r
n

f
r

r
NAn n

n= −







= − ( ) , (19)

where Eq. (4) and Eq. (7) have been used. For imaging an axial point 
with M large the ray displacement would be approximately Mε0f0. The 
fi rst term of these expressions, rn or Mrn, is the ray displacement needed 
for correct imaging of an axial point and the second term is an aberra-
tion equal to minus the radius of the spherical aberration disk of a 
parabolic zone plate (compare Eq. (19) with Eq. (17)). This results in 
perfect cancellation of the spherical aberration as intended.
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When the same zone plate is used at another wavelength λ1 with 
allowance for the change of focal length, ∆rn remains the same so 
Eq. (19) becomes

 ε
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λ
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In other words the amount of correction has not changed, whereas for 
exact correction it should now be rn(NA1)2/2. Thus the residual error is 
an aberration disk of diameter |rn[(NA1)2 − (NA0)2]| or a new disk of 
diameter |(λ2

1 − λ2
0)/λ2

0| times the diameter of the original uncorrected 
disk. As an example, if the new wavelength differs by 10% from the 
wavelength of correction, then the aberration disk will be reduced to 
about 20% of its uncorrected size. This would be enough to make the 
aberration negligible in the soft X-ray example shown in Figure 13–9. 
Evidently this general conclusion applies equally to M very small or 
very large.

2.2.4 Astigmatism and Field Curvature
Taking the astigmatism and fi eld curvature terms together and again 
calculating the ray aberrations by substituting the path function terms 
into Eq.(14), we obtain
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Figure 13–9. Size of the aberrations of a soft X-ray (500 eV; left) and a hard X-ray (5000 eV; right) zone 
plate as a function of object size. The soft X-ray zone plate has an outer zone width of 30 nm, diameter 
of 62 µm, and a focal length of 0.75 mm at 500 eV. The hard X-ray one has an outer zone width of 60 nm, 
diameter 124 µm and focal length 30 mm at 5000 eV. The graphs illustrate the general trend that hard 
X-ray zone plates have lower aberrations on account of their lower NA. In the example the hard X-ray 
zone plate has only negligible aberrations up to a sample diameter of about ten radii, which is far 
beyond the sample size allowed by penetration requirements. On the other hand the resolution of the 
soft X-ray zone plate is degraded by the fi eld-angle-dependent aberrations for objects of diameter more 
than about half a radius. This is still good for many experiments but, as the diagram shows, spherical 
aberration is not negligible for the parabolic soft-X-ray zone plate. Therefore, as explained in Section 
2.2.3, zone plates designed for soft-X-ray applications are normally made with built-in spherical-
aberration correction according to Eq. (5).
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Squaring and adding we fi nd that the marginal rays trace out an ellipse 
of major axis 3k and minor axis k
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The parameter z̄ = z/rn expresses the position of the object point in units 
of the zone plate radius. Therefore, unlike spherical aberration, the size 
of this aberration does depend on the position of the object point, and 
therefore will limit the fi eld of view of the microscope.

2.2.5 Coma
In this case, the above procedure leads to
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12 2, where  (23)

By expressing w and l in polar coordinates one can show that each 
circle of radius r in the lens produces an aberration fi gure

 (∆z′ − 2K)2 + (∆y′)2 = K2 where K = r2Q. (24)

This is a series of circles of radius K, each shifted by 2K from the origin 
which is the usual “comet-shaped” fi gure associated with coma. The 
outer boundary of the fi gure has a length 3Kmax and the largest circle 
has a diameter 2Kmax where (assuming M is large so that M − 1 ≈ M)

 2Kmax = M(NA)2rnz̄ . (25)

2.2.6 Relative Size of the Aberrations
The relative size of these aberration fi gures can be obtained from Eq. 
(17), Eq. (22) and Eq. (25) respectively. The diameter of the spherical 
aberration circle, the diameter of the largest coma circle and the major 
axis of the astigmatism ellipse are in the ratio 1 : z̄  : 3z̄ 2 (Michette, 1986). 
For points close to the axis (z̄  << 1) the fi eld-angle-dependent aberra-
tions coma and astigmatism/fi eld curvature will be negligible and the 
resolution will be determined by diffraction if the numerical aperture 
is below NAopt or by spherical aberration if it is above. On the other 
hand for points further from the axis, coma and astigmatism/fi eld 
curvature become more signifi cant and for points more than about a 
zone plate radius away from the axis (z̄  ≥ 1) astigmatism/fi eld curva-
ture dominates. The general behavior of these aberrations is shown in 
Table 13–1, while Figure 13–9 shows examples of parabolic zone plates 
working at 0.5 keV and 5 keV. However, note that the plots in the fi gure 
show the size of the outer boundary of the aberration fi gures which is 
a conservative estimate of their contribution to the resolution because 
the light is somewhat concentrated near the center of the fi gure. For 
example, we can deduce from Eq. (17) that half of the light is concen-
trated in a circle of diameter about one third of DSA.
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Table 13–1. Seidel aberrations of a planar zone plate.
 Spherical Astigmatism/fi eld
Name aberration curvature Distortion Coma

w, l, z/x term (w2 + l2)2 (w2 + 3l2)(z/x)2 l{(z/x)2 + (z′/x′)2} (w2 + l2)l(z/x)

Aberration fi gure circle ellipse vanishes two lines through
 boundary    identically  O at ±30º to Oz
      touching a family 

of circles

y parameter circle diameter major axis na diameter of the
     largest circle

Value y parameter M(NA)2rn 3M(NA)2rnz̄ 2 na M(NA)2rnz̄

z parameter circle diameter minor axis na distance from the
     origin to the far 

  side of the largest 
circle

Value z parameter same M(NA)2rnz̄ 2 na 
3
2

( )2M NA r zn

2.3 Zone Plate Effi ciency

2.3.1 Idealized Structures
One can see from Eq. (4) that an ideal Fresnel zone plate is periodic in 
r2 space with period λf, which means that its amplitude transparency 
function Tzp (shown in Figure 13–10) can be written as the Fourier 
series

 T a
im r

f
a q mqzp m m

m= 





= −( ) ( )
−∞

+∞

∑ exp
π

λ

2

1where sinc  (26)

The sinc function is defi ned by sinc(x) = sin(πx)/(πx) and q is the frac-
tion of each period that is opaque. For a classical zone plate, q = 0.5, so 
in that case (26) gives the power in the ±mth harmonic as |am|2 = 1/(mπ)2 
for m odd, zero for m even and 0.25 for m = 0. These are therefore the 
intensity effi ciencies of the classical zone plate in those orders. The 

Figure 13–10. The transparency function of one period of a zone plate plotted 
in r2 space. The fraction that has transparency unity is q = c/L.
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q=c/L

Period=L

Tzp

r2
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main point here is that this type of zone plate has a maximum effi -
ciency in the fi rst order focus of about 10%. By taking the derivative of 
|am|2 we can show that the classical zone plate (q = 0.5) is, in fact, the 
optimum choice of q for fi rst-order effi ciency. Similarly, the optimum 
choice for second order effi ciency is q = 0.25 or 0.75 which may have 
some practical signifi cance, as discussed by Simpson and Michette 
(1984). By applying Parseval’s theorem to the series in (26) with q = 0.5, 
one can determine the disposition of the energy for the classical zone 
plate as shown in Table 13–2.

Another idealized type of zone plate, fi rst proposed by Rayleigh 
(1888) and implemented by Wood (1898), is the phase plate. Here, the 
opaque rings are replaced by transparent rings, that impart a phase 
change of φ = π. The phase plate transparency function is Tpp = 1 + (eiφ 
− 1)Tzp, so the Fourier series becomes

 

T b
im r

f
b q m

pp m

m m
i m

= 





= + −( ) −( )
−∞

+∞

∑ exp
π

λ
δ φ

2

0 1 1where e sinc, qq( ).  (27)

This shows that when φ = π and q = 0.5, which are the optimum values, 
the power in the ±mth harmonic is |bm|2 = 4/(mπ)2 for m odd, zero for m 
even and |b0|2 = |1 + q(eiφ − 1)|2 = 0 for m = 0. The effi ciency in the fi rst-
order focus is now about 40% and the disposition of energy is again 
shown in Table 13–2.

A third idealized type of zone plate is the Gabor plate (the hologram 
of a point) in which the rectangular profi le of the last two devices is 
replaced by a sinusoid in r2 space or a chirp function in r space. An 
absorption Gabor plate has only three orders, m = ±1 and 0 of which 
the +1 order has effi ciency 1/16. A phase Gabor plate, with a maximum 
phase change of 1.84 radians, has all the odd orders and the +1 order 
receives 34% of the light (Table 13–2).

Table 13–2. Effi ciency of various types of zone plate.
Type of zone plate Fresnel Rayleigh-Wood Gabor amplitude Gabor phase

Type of zones Opaque, Phase-change p, Sine-wave Sine-wave
  transparent  transparent  transparency   phase change 

max = 1.84 rad

Effi ciency ±1 order 1/4 4/p2 1/16 0.34

Effi ciency in general 1/(m2p2) m odd 4/(m2p2) m odd 0 π 0
  0 m even  0 m even

Total positive orders 1/8 1/2 1/16 0.45
 (m π 0)

Total negative orders 1/8 1/2 1/16 0.45
 (m π 0)

Effi ciency zero order 1/4 0 1/4 0.10

Absorbed 1/2 0 5/8 0

Overall total of last 1 1 1 1
 four rows
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2.3.2 Real Structures
To make practically useful X-ray lenses, we must extend the treatment 
given so far to include the optical properties of real materials, suited 
to manufacturing zone plates. Such an extension was fi rst provided in 
1974 in an important paper by Kirz (1974) in which it was demonstrated 
that

1. Phase zone plates with primary effi ciencies of 20–40% can be made 
from realistic materials.

2. Such zone pates can be designed to reduce or eliminate the zero-
order beam and to reduce the absorbed fraction compared to a clas-
sical Fresnel zone plate.

3. These improvements can be effected essentially throughout the 
wavelength range 0.1–80 nm.

4. Realistic fabrication errors lead to only moderate deterioration in the 
optical performance.

For a phase-reversal zone plate made of a material with complex refrac-
tive index (Henke et al., 1993) ñ = 1 − δ − iβ, the effi ciency |bm|2 can be 
found by making the replacement φ = φ1 + iφ2 in (27) where φ1 = ktδ, φ2 
= ktβ, k = 2π/λ, t is the thickness and we use the shorthand ra = e−φ2 for 
the amplitude attenuation factor. For m ≠ 0, this gives

 b
m

r rm a a
2

2
2

1
1

1 2=
( )

+ −( )
π

φcos  (28)

and for m = 0

 b r ra a0
2 2

1
1
4

1 2= + +( )cosφ  (29)

These equations (Kirz’s (7) and (10) (Kirz, 1974)) give the effi ciency of 
a planar zone plate of known thickness and refractive index. As dis-
cussed by Kirz and later by Michette (Michette, 1986), the optimum 
phase change is no longer π but is about 10–20% less. However, one 
can certainly choose a thickness to optimize the effi ciency of a planar 
zone plate based on the use of Eq. (28). Plots of the theoretical effi -
ciency, calculated using Eq. (28), for zone plates made of nickel and 
gold are shown in Figure 13–11.

2.4 Zone Plates: Fabrication and Examples

2.4.1 Fabrication Technique
The fabrication of X-ray zone plates involves several challenges. For 
high resolution imaging, one wishes to obtain the smallest possible 
value for the outermost zone width ∆rn or about 15–80 nm in high reso-
lution modern examples. At the same time, the thickness t of the zone 
plate should ideally be that required to deliver a phase shift near π so 
as to maximize effi ciency; this generally implies a thickness of greater 
than 100 nm for soft X-rays of 100–1000 eV energy, and a thickness near 
1 µm for zone plates designed to operate at multi keV energies (see 
Figure 13–11). These two requirements are diffi cult to meet at the same 
time, for they lead to a demand for the fabrication of nanostructures 



854 M. Howells et al.

with very high aspect ratios (structure height over width). In addition, 
to obtain usable focal lengths of order 1 mm or larger, most zone plates 
used as high resolution objectives have diameters of 50–200 µm yet 
to minimize loss of effi ciency all zones must be placed accurately to 
roughly one-third of their width (Simpson and Michette, 1983). This 
implies an absolute accuracy of zone placement of about 0.01% which 
is quite challenging but which can be achieved in modern 100 keV 
electron beam lithography systems that incorporate laser interferome-
ter positioning control (Anderson et al., 2000; Tennant et al., 2000). Such 
zone plates typically have 300–1000 zones, and require corresponding 
quasimonochromatic illumination with E/∆E > 300–1000 or better 
(Thieme, 1988).

Early demonstrations of X-ray zone plate fabrication used optical 
lithography to create free-standing zone plates with ∆rn = 20 µm (Baez, 
1960). An important early advance was the use of holographic methods 
to create zone plates with submicron zone widths (Schmahl and 
Rudolph, 1969; Niemann et al., 1974), eventually leading to outermost 
zone widths of ∆rn = 56 nm (Schmahl et al., 1984b). The method used 
by nearly all laboratories today involves electron beam lithography, 
which was fi rst suggested by Sayre (Sayre, 1972) and subsequently 
demonstrated in several laboratories (Shaver et al., 1980; Kern et al., 
1984; Buckley et al., 1985). In order to obtain high aspect ratio nano-
structures, most laboratories now use some variation of tri-layer resist 
schemes (Tennant et al., 1981) with electroplating (Schneider et al., 
1995) as illustrated in Figure 13–12. This approach allows for the writing 
of fi ne, dense features in an electron beam resist which is suffi ciently 
thin that electron side scattering is minimized. A series of reactive ion 
etches are used to fi rst transfer the e-beam pattern into a hard mask, 
and to use that hard mask to transfer the pattern into a second polymer 
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Figure 13–11. Contour plot showing the effi ciency of planar zone plates made of Ni (left) and Au 
(right) according to Eq. (24) as a function of thickness and X-ray energy.
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used either to defi ne an etch mask for the underlying zone material 
(Tennant et al., 1991; David et al., 1995, 2000) or, more commonly, as a 
mold for electroplating of the zone structures (Schneider et al., 1995). 
Using these approaches, several groups have fabricated zone plates 
with outermost zone widths of 20 nm or below (Bögli et al., 1988; 
Schneider et al., 1995; Spector et al., 1997; Anderson et al., 2000; Peuker, 
2001; Chao et al., 2003).

A recent promising approach (Chao et al., 2005) has been to write 
every other zone in one pass, and then to write the other half of the 
zones in a subsequent processing step (of course extremely high overlay 
accuracy is required). By increasing the distance from the next zone 
written in one pass, the proximity effect of electron beam lithography 
is reduced, leading to higher contrast and thus higher aspect ratio 
in the developed resist. In addition, the width of the resist used as a 
plating mold is tripled, thus reducing collapse during processing. This 
approach has been used to fabricate zone plates with an outermost 
zone width of 15 nm (Chao et al., 2005) and a theoretical zone effi ciency 
of 6% (see next section). A key challenge lies in maintaining high 
effi ciency as the outermost zone width is decreased. For applications 
requiring higher effi ciency for greater fl ux in STXM, or reduced radia-
tion dose in TXM, effi ciencies of 10–18% have been obtained at 30 nm 
outermost zone width (Spector et al., 1997; Peuker, 2001). These effi cien-
cies are for zone plates operating at 400–550 eV; zone plates for use at 
higher X-ray energies are discussed in Section 2.4.5.

2.4.2 Resolution-Determining Zone Plates
While a variety of groups are fabricating high resolution zone plates 
as described above, we consider here one example which is the effort 
of the Center for X-ray Optics at Lawrence Berkeley National Labora-
tory. By using a 100 keV electron beam lithography system with inter-
ferometric positioning control and customized circular pattern 
generation (Anderson et al., 1995), this group has made a series of zone 
plates with steadily improving resolution (Anderson et al., 2000; Chao 
et al., 2003) and have developed a sophisticated technique for deter-
mining the resolution (Jochum and Meyer-Ilse, 1995; Heck, 1998; Chao 

Si frame
Window

Hard mask
Plating mold

E-beam resist
1. E-beam expose, develop 2. Etch hard mask

3. Etch plating mold; strip hard mask 4. Metal plating

Plating base

Figure 13–12. Schematic of zone plate fabrication technique as discussed in 
the text.
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et al., 2003). The tests have been done using the XM-1 microscope at 
beam-line 6.1 at the Advanced Light Source at Berkeley USA (see 
Microscopes Layouts and Illumination Schemes (Sectin 3.1)). The latest 
results (Chao et al., 2005), which represent the best zone-plate-micro-
scope resolution that we know of, show a resolution of <15 nm at a 
photon energy of 815 eV (see Figure 13–13). This measured value 
depends on the degree of partial coherence of the illumination and we 
discuss it in that context in a later section. The zone plate had an outer 
zone width of 15 nm, which, with the XM-1 illumination system, gave 
a theoretically expected resolution of 12 nm. The zone plate was made 
by the above-mentioned new process in which the n = 2, 6, 10,  .  .  .  and 
the n = 4, 8, 12,  .  .  .  opaque zones are made in two separate groups. Chao 
and colleagues suggest that the new process is not yet at its limit and 
that 10 nm zone plates should be within reach.

2.4.3 Condenser Zone Plates
Condenser zone plates serve the dual function of imaging the source 
on to the sample (in critical illumination) and, in combination with a 
pinhole close to the sample, of acting as a moderate-resolution mono-
chromator. Ideally they should deliver a beam which (1) has the same 
NA as the objective zone plate, (2) exactly fi lls the sample with light 
and (3) has a spectral bandwidth equal to the reciprocal of the number 
of zones of the objective. In practice, due to the fact that bending-
magnet synchrotron-radiation sources usually have smaller phase 
space area than the microscope and due to the fabrication diffi culties 
described below, conditions (1) and (2) cannot be fully met. Moreover, 
condition (3) implies that the condenser zone plate must be about 5–
10 mm in diameter. We discuss the trade-offs involved here in more 
detail in Section 3.1.1.

The fi rst condenser zone plates were fabricated by the Göttingen 
group (Schmahl and Rudolph, 1984b; Hettwer, 1998) using roughly the 
same holographic process then used to make objective zone plates. As 
a result, the fi nest line widths (and thus the NAs) of the condenser and 

d/2=19.5 nm
∆rn=25 nm

d/2=19.5 nm
∆rn=15 nm

d/2=15.1 nm
∆rn=25 nm

d/2=15.1 nm
∆rn=15 nm

100 nm

Figure 13–13. The soft X-ray images of square-wave test objects used by Chao 
and coworkers (2005) to demonstrate a microscope resolution of <15 nm using 
a 15-nm- and a 25-nm-outer-zone-width zone plate as explained in the text. 
The half-period of the test object and the outer zone width of the zone plate 
for the four images are shown. (Reprinted from Chao et al., © 2005, with per-
mission from Nature.)
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objective tended to match, which is broadly what is required for best 
resolution (see for example Fig.10.13 of (Born and Wolf, 1999)). With 
electron beam lithography, new challenges have arisen. To achieve the 
same fi nest zone width and effi ciency in the condenser as in the objec-
tive, would require the use of the same high-resolution but necessarily 
slow electron beam resists. Since the area of a 5 mm diameter con-
denser is 104 times larger than a 50 µm objective zone plate, it would 
take 104 times longer to fabricate the condenser with the same process. 
(Because aberrations on condensers do not degrade image quality, the 
requirements for zone placement accuracy do not scale up in the same 
fashion). For these reasons, as the resolution of the objectives has been 
pushed down below 20 nm, the condenser zone plates have not kept 
up. Instead, typical condenser zone plates fabricated by electron beam 
lithography have outer zone widths of 50–60 nm. As one example, the 
fabrication of a TXM condenser zone plate with 9 mm diameter and 
55 nm outer-zone width required a 48-hour writing time (Anderson 
et al., 2000). Although process improvements have since reduced that 
time by about a factor of two, such large zone plates are still not widely 
available. The mismatch of numerical aperture between condenser and 
objective zone plates limits the modulation transfer at high spatial fre-
quency (Born and Wolf, 1999) and thus limits the ability to detect small 
structures such as immunogold labels in bright fi eld or dark fi eld 
modes (Vogt et al., 2001a).

Besides the challenges of matching the NA of the best objectives and 
their limited availability, condenser zone plates are usually required 
to operate in an unfriendly environment, relatively near the source 
in a synchrotron beam line. Even with the protection of an energy-
fi ltering mirror, they still often take signifi cant heat load and the heat 
removal pathways are poor. This is an undesirable circumstance for 
optics that take so much effort to build. The problem of power deposi-
tion in condenser zone plates can be understood by solving the bound-
ary value problem of a uniformly heated membrane (Howells et al., 
2002). Assuming a square membrane of side a, thickness t and conduc-
tivity k, the solution for the temperature is
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where Q is the absorbed power density. The double sum is a simple 
function that has a peak of height 0.448 in the center and is zero at the 
edges. The center temperature is then given by the useful relation

 T
Qa

kt
max .= 7 17

2

4π
. (31)

Since the maximum temperature depends on Q/t and, for a simple thin 
membrane, Q is proportional to t, the temperature is not reduced by 
making the membrane thicker. However, if the absorption is princi-
pally in the zone plate rings then a thicker membrane may help. A 
smaller or better-conducting membrane always helps.
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The list of issues posed by condenser zone plates does not end here. 
Another serious limitation is that to change the X-ray energy one has 
to change the condenser zone plate or at least change its object and 
image distances. This is so diffi cult that systems fed by a condenser 
zone plate are effectively not energy tunable. Evidently there are plenty 
of reasons to seek alternatives to condenser zone plates and to this we 
now turn.

2.4.4 Alternatives to Condenser Zone Plates
Zone plates defl ect the outermost ray by an angle equal to their NA (Eq. 
(7)). As explained in the previous section, manufacturable NAs of con-
denser zone plates are too small to match those of the best objectives 
by a factor of two or more. Now we know that a mirror can defl ect an 
X-ray roughly by 2 2δ or twice its critical angle. Thus we can character-
ize a mirror by an effective outer zone width ∆rn = ( )λ δ/ 4 2 , that a 
zone plate would need to have to produce a defl ection equal to twice 
the critical angle of the mirror. Since δ is proportional to λ2 (Section 1.1), 
one can see that the effective outer zone width will vary rather slowly 
with both energy and electron density. For example, for a platinum, 
mirror it varies from 6 nm at 0.5 keV to 4 nm at 5 keV. While for a silicon 
dioxide mirror it varies from 12 nm to 10 nm over the same energy 
range. This shows that if a suitable geometry can be arranged a single-
refl ection mirror system could be a very effective condenser. However 
it is important to note that a refl ective condenser will not provide a 
monochromatic beam and that either a line source or a monochromator 
will be required. As we shall see, a separate monochromator coupled 
with a refl ective condenser will have major advantages.

To produce the desired hollow-cone illumination, a grazing inci-
dence ellipsoid of revolution in the form of a hollow tube would be 
suitable. The input angle should match the angle of the beam from the 
source or monochromator and the output angle should match or exceed 
the objective NA. For a synchrotron beam this design will normally 
lead to under fi lling of the sample which can be overcome by wobbling. 
The fabrication accuracy should be such that the point spread function 
of the mirror is small compared to the size of the object fi eld. Mirrors 
of this general type have been made for some time (often starting from 
glass capillaries) and are quite widely used in the hard X-ray research 
community as reviewed for example by Bilderback (2003).

Single-refl ection monocapillary X-ray mirrors have now been in use 
for microscopes at both laboratory and synchrotron sources (Section 
1.4) for the last year or two and have enjoyed considerable success. For 
example, documentation of the performance of the X-ray microscope 
at the Taiwan synchrotron, including details of its condenser mirror, 
is provided by Tang et al. (2006) and Yin et al. (2006). These condenser 
mirrors have many advantages compared to condenser zone plates. 
Specifi cally, capillary-mirror condensers

1. Are more readily available
2. When fed by a separate monochromator allow the TXM to be truly 

energy-tunable
3. Are able to match the NA of any currently available objective zone 

plate
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4. Are a factor 3–15 times more effi cient with no unwanted orders
5. Are more robust, longer lived and easier to clean
6. Are less fragile with respect to thermal or mechanical damage
7. Do not require a band-width-selecting pinhole close to the focus 

and thus do not limit the size of the sample holder nor its ability 
to rotate.

As indicated earlier (Section 1.4) we believe that the advent of an 
energy-tunable TXM is important and may enable the TXM to become 
competitive for spectromicroscopy.

2.4.5 Zone Plates with Shaped Grooves
Until now we have talked about square-wave zone plates with a gap 
to period ratio of 0.5 that behaved according to the theory of a thin 
zone plate, even if the thickness was greater than ∆rn. Just as a blazed 
refl ection grating with a saw-tooth profi le has much better effi ciency 
than a square-wave grating (even if the latter is a perfect phase grating 
with π phase shifts), so one can get higher effi ciency from zone plates 
with shaped groove profi les. Considering that a zone plate is intended 
to synthesize a smooth spherical wave front from a succession of ring-
shaped parts, we might expect that the optimum groove shape will be 
a parabola that increases the phase shift smoothly across the zone-plate 
period. In fact the mathematical treatment (Tatchyn et al., 1982; Michette, 
1986) shows that the thickness function is
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where di/ri can be calculated (Tatchyn et al., 1984) and is the outer frac-
tion of the ith period which is to be left open. The fi rst-order effi ciency 
of a nickel zone plate made according to this specifi cation would be 
about 80% at 7 keV.

It is hard to microfabricate a smooth curve but one can still get much 
of the advantage of this scheme by approximating the parabolic profi le 
by a stepped structure (Di Fabrizio et al., 1994; Yun et al., 1999). For 
example Di Fabrizio et al. (1999) have made a nickel zone plate with 
four equal width steps of optical delay 0, 0.25, 0.5 and 0.75 wavelengths. 
The measured fi rst order effi ciency of this zone plate was 55% at 7 keV, 
which represents a substantial improvement in effi ciency and suppres-
sion of unwanted orders compared to traditional soft X-ray perfor-
mance and shows the benefi ts of both groove-shaping and phase-plates. 
Evidently the use of several thickness steps implies that the outermost 
zone must be several times wider than the fi nest line width that can 
be achieved with the particular fabrication process, so that this approach 
involves a tradeoff between spatial resolution and effi ciency.

2.4.6 Hard X-Ray Zone Plates
While much of the effort of the last three decades has gone into devel-
oping zone plate microscopy in the 290–540 eV “water window” region 
for studies of 0.1–10 µm thick specimens, there is increasing activity in 
hard-X-ray zone-plate imaging at energies of roughly 2–15 keV. Scan-
ning fl uorescence X-ray microprobes (SFXM) using zone plate optics 
are providing new capabilities for trace element mapping, and hard 
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X-ray transmission X-ray microscopes (TXMs) using absorption or es -
pecially phase contrast are able to image much thicker objects than 
their soft-X-ray counterparts. Zone plates for these energies must be 
much thicker to achieve good effi ciency (see Figure 13–11) which places 
increasing demands on zone aspect ratio in lithographically patterned 
zone plates and means that the minimum zone width (and thus fi rst 
order spatial resolution) were initially in the 50–100 nm range. However, 
as noted in Section 1.4, several 45 and 50 nm hard X-ray zone plates are 
now operational at synchrotrons. At the same time, because the ratio 
of phase shifting to absorption f1/f2 improves as the energy is increased, 
the achievable effi ciency becomes much higher and the depth of focus 
increases considerably (Jacobsen, 1992), which is helpful for applica-
tions such as tomography. Quantitatively, the transverse resolution of 
a zone plate is given by 0.61λ/NA = 1.22∆rn (Eq. (8)) and the depth of 
focus by 2λ/(NA)2 = 8(∆rn)2/λ. Therefore, a zone plate with ∆rn = 50 nm 
has a depth of focus of about 160 µm at 10 keV as opposed to about 8 µm 
at 500 eV. In addition, the focal length f = 2rn(∆rn)/λ (Eq. (6)) for such a 
zone plate with 100 µm diameter increases from 2 to 40 mm, which 
considerably eases some of the challenges of mechanical design for 
specimen temperature control, insertion of fl uorescence detectors, and 
so on.

In spite of the challenges of fabricating thicker zone plates using 
lithographic techniques, much success has been achieved. In some 
cases the initial electron beam lithography write has been transferred 
into a thicker plating mold using reactive ion etching as described 
above; this has led to the commercial availability (Xradia, Inc.) of a 
variety of high-aspect-ratio zone plates including one with outer-zone 
width 50 nm and thickness 700 nm, or an aspect ratio of 14 : 1 (an 
example of an earlier Xradia zone plate is shown in Figure 13–14). 
Additional parameters of zone plates given at the latest X-ray micros-
copy conference (Himeji, Japan, June 2005) are given in Section 1.4. 
Other approaches have involved using an electron-beam-written zone 

2 µm 1 µm

Figure 13–14. A hard X-ray zone plate with 100 nm outermost zone width and 
1.6 µm thickness of gold for use at 5.4 keV in a commercial X-ray microscope 
system (Xradia, Inc.). The simultaneous achievement of narrow zone widths 
for high spatial resolution, and signifi cant zone thickness so as to achieve a π 
phase shift, means that the achievement of high aspect ratio nanostructures 
is important. This zone plate has an aspect ratio of 16 : 1 and a theoretical 
focusing effi ciency of 31%. (Figure Courtesy W. Yun, Xradia.)
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plate as a mask for the subsequent processing of a thicker zone plate 
using X-ray lithography (Shaver et al., 1980; Lai et al., 1992), including 
the fabrication of 2.5 µm thick zone plates with a fi nest zone width of 
0.25 µm (Krasnoperova et al., 1993). Another approach is to stack two 
or more zone plates together (Shastri et al., 2001).

Sputter-sliced or “jelly roll” zone plates (Schmahl et al., 1980) repre-
sent a completely different approach in fabrication. The goal of this 
approach is to start with a rotating wire and then build up alternating 
layers of weakly and strongly refractive material by sputtering or evap-
oration. The resulting structure is then sliced to yield zone plates of 
the appropriate thickness. In this case the achievement of high aspect 
ratios is not at all challenging; instead, the challenges include avoiding 
error and roughness accumulation in realizing the proper zone radii, 
the diffi culties of maintaining perfect cylindrical symmetry, and the 
challenges involved in slicing the structure.

Recent results from the groups involved (Bionta et al., 1994; Tamura 
et al., 2002; Duvel et al., 2003) show that the technique is making steady 
progress to the point where a zone plate consisting of 70 Cu/Al layer 
pairs with outer zone width of 0.16 µm and aspect ratio of more that a 
thousand has been used to focus a 100 keV beam from Spring 8 to 
0.5 µm FWHM (Kamijo et al., 2003). Similarly a sputter-slice soft X-ray 
zone plate with an aspect ratio of 200, made at Göttingen Germany, 
had 188 layer pairs of the alloy Ni80-Cr20 and silica. It showed a mea-
sured effi ciency of 3.8% at 4.1 keV but had a focal spot size considerably 
greater than the 17-nm outer zone width. These are intriguing results, 
though for the moment, the sputter-sliced approach has not yet pro-
duced optics with an optical performance consistent with the intended 
geometrical parameters.

2.4.7 Thick Zone Plates
Up until now we have used kinematical diffraction theory to under-
stand the properties of zone plates. In this theory, the incident wave 
and the diffracted signals from each volume element are all treated as 
independent. However, in reality, the “incident” wave and the “dif-
fracted” waves in the solid structure are coherently coupled and if the 
zone plate is thick enough, the effect of this coupling will become 
evident at the output. Such coupling is known in perfect-crystal dif-
fraction where it leads to anomalous transmission in Laue-geometry 
experiments (the Borrmann effect), while on a larger size scale, “Bragg-
effect” holograms show similar behavior. Zone plates can be designed 
to exploit coupled-wave effects and these devices offer the possibility 
of very high effi ciency and resolution in high diffraction orders, thus 
exceeding the resolution limit of the outermost zone width which 
applies when operating in fi rst order. Theoretical treatments of diffrac-
tion by thick periodic structures have been developed in the hard-X-ray 
community (dynamical diffraction by crystals) (Batterman and Cole, 
1964) and the optical-holography community (coupled-wave theory) 
(Kogelnik, 1969; Solymar and Cooke, 1981). The coupled-wave method 
has been applied to X-ray gratings and zone plates by Maser (1994) and 
more recently by Schneider (1997) who has given a solution that includes 
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the case of high orders and gap-to-period ratios other than 0.5. 
Schneider’s solution predicts that, in the soft X-ray region, absolute 
effi ciencies of 30–50% in a single high order are indeed possible with 
line-to-space ratios of 0.1–0.5 and aspect ratios greater than 30 : 1. 
Hambach et al. (2001) have followed up these calculations with a series 
of experiments, mostly with copolymer gratings with aspect ratio 10 : 1. 
The predictions of the theory were broadly confi rmed and a maximum 
effi ciency of 15.3% was achieved at 13 nm wavelength. This value was 
75% of the prediction of the coupled wave theory and 25 times greater 
than the prediction of thin-grating (kinematic) theory. The authors 
suggested that zone plates based on this principle may fi nd application 
as condensers for table-top microscopes using isotropically emitting 
sources. A similar verifi cation of dynamical diffraction theory for the 
case of sectioned multilayers illuminated with 19.5 keV X-rays in Laue 
geometry has been published recently (Kang et al., 2005). A refl ecting 
effi ciency of 70% was observed. Both of these experiments used grat-
ings as being representative of the diffraction-effi ciency behavior of a 
conventional zone plate (Hambach) and a sputter-sliced zone plate 
(Kang) respectively. However, as pointed out by Maser (1994), thick 
zone plates, like volume holograms, have a directional selectivity based 
on Bragg’s law. That is, the zones must be oriented so that the incoming 
wave is locally Bragg-refl ected by the zones and there will be a rocking 
curve outside of which the high effi ciency is lost or moved to another 
order. Eq. (6) can be regarded as showing that Braggs law is obeyed at 
every zone of a conventional zone plate operating at magnifi cation 
unity. On the other hand, for high magnifi cation or demagnifi cation 
applications, the zones must be tilted by an angle that varies with 
radius. The diffi culty of doing this in practice is currently delaying the 
application of these ideas to practical zone plates.

A promising recent alternative to tilt angles that vary continuously 
with angle has been to apply the concepts of the “sputter-sliced” zone 
plate (see previous section) to produce linear half-zone-plates called 
“multilayer Laue lenses.” One starts with an atomically smooth fl at and 
deposits alternating zone materials, starting with the highest-order 
zones, so that error accumulation mainly affects the coarser, low-order 
zones. Two multilayer Laue lenses together can achieve two dimen-
sional focusing in the manner of a Kirkparick-Baez mirror pair. 
Although tilting by a continuously variable angle is not exactly achieved 
by this approach it can be approximated by tilting the whole lens to a 
compromise Bragg angle. One dimensional line foci as narrow as 19 nm 
have already been reported by this method (Maser et al., 2004; Kang 
et al., 2006) and these authors believe that 5 nm may be possible in 
future work.

3 X-Ray Microscopes

In the previous sections we have described some of the characteristics 
of X-ray interactions and focusing optics. We now turn our attention 
to a discussion of X-ray microscopes currently in operation. They fall 
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into two classes: full-fi eld imaging and scanning, which are both illus-
trated in Figure 13–15. A large number of microscopes are listed in 
Table 13–3. We also describe three specifi c microscopes as examples: a 
transmission X-ray microscope (TXM) operated at Lawrence Berkeley 
National Laboratory, a scanning transmission X-ray microscope (STXM) 
operated at Brookhaven National Laboratory, and a scanning fl uores-
cence X-ray microprobe (SFXM) operated at Argonne National 
Laboratory.

A key difference between TXM, STXM, and SFXM concerns the 
illumination phase space that can be accepted. In STXM and in SFXM, 
the size of the spot delivered by the zone plate objective is a convolu-
tion of the geometric image of the source and the point spread function 

Plane
mirror

Bending
Magnet

Condenser
zone plate

Objective
zone plate

Pinhole

X-ray
sensitive

CCD

Sample
stage

National Synchrotron Light Source
X-ray Ring

X1 undulatorMonochromator
Zone plate

Order sorting
aperture

Detector

Specimen
Soft x rays

2.8 GeV electrons

Figure 13–15. Schematic of the main components of a transmission X-ray microscope or TXM (top: 
courtesy of D. Attwood, Lawrence Berkeley National Laboratory) and a scanning transmission X-ray 
microscope or STXM (bottom: courtesy of Y. Wang, then of Stony Brook.) (See color plate.)
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of the optic. As Figure 13–16 shows, for an objective with diffraction-
limited (as opposed to aberration-limited) resolution, the effect of the 
geometric source size becomes negligible if the product p = wθ of 
source width w times the full angle θ accepted by the optic is less than 
the wavelength λ in each dimension. This is commonly summarized 
by saying that scanning microscopes require single-mode illumina-
tion, although it is understood that a spatially fi ltered, incoherent 
source is not the exact equivalent of a single-mode optical cavity. The 
situation in TXM is much different; for incoherent bright fi eld imaging, 
each pixel in the object can be imaged independently of its neighbors 
(within good approximation), so one can illuminate all object pixels 
simultaneously and with nominally incoherent light. If object resolu-
tion elements are imaged in 1 : 1 correspondence to detector pixels in a 
TXM, the number of “modes” of phase space p/λ that can be accepted 
in the x direction is approximately equal to the number of detector 
pixels in that direction and the same holds for y. As a result, TXMs are 
often operated with bending magnet synchrotron radiation sources or 
laboratory sources which deliver high fl ux (photons per solid angle), 
while STXMs and SFXMs are often operated with undulator sources 
which deliver high brightness (photons per solid angle per source 
area). The issues of microscope illumination and its effects on image 
formation will be discussed in more detail in Section 3.1.
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Figure 13–16. The aim in operating a scanning microscope or microprobe is 
to have a diffraction-limited focus. Therefore the source must be suffi ciently 
demagnifi ed so that it contributes negligibly to the focal width. This contour 
plot shows how the modulation transfer function (MTF) of an optic with a 
half-diameter central stop is affected by increasing the phase space parameter 
p of the source. This parameter p = wθ (source full width w times the full angle 
θ accepted by the optic) should be less than about the wavelength λ in both 
the x and y directions to achieve maximum spatial resolution. The normalized 
spatial frequency is defi ned to be unity at the MTF cutoff of 1/∆rn. (From Winn 
et al., 2000.)
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3.1 Microscope Layouts and Illumination Schemes

3.1.1 Transmission X-Ray Microscope (TXM) Layout
Full-fi eld transmission X-ray microscopes (TXMs) typically use a zone 
plate to produce a magnifi ed image of the specimen on a 2D detector. 
This approach was pioneered by the group of G. Schmahl at the Uni-
versität Göttingen, who, after initial experiments including refl ection-
grating monochromators (Niemann et al., 1976) switched to using a 
condenser zone plate as the sole monochromator (Rudolph et al., 1984). 
This latter approach is now used by a number of TXMs, including the 
XM-1 at Lawrence Berkeley Lab (Meyer-Ilse et al., 1994, 2001) for which 
we provide some example numbers. As shown in Figure 13–15a, the 
beam from the synchrotron bending magnet source is defl ected by a 
grazing-incidence mirror which fi lters out the power due to high-
energy X-rays, passes through a thin metal fi lter to remove visible and 
ultraviolet radiation, and is then imaged by the condenser zone plate 
onto a pinhole located just upstream of the specimen. As noted in 
Section 2.4.3 on condenser zone plates, the condenser zone plate (of 
diameter D = 9 mm) and the pinhole (of diameter d ≈ 10–20 µm), together 
are equivalent to a monochromator of resolving power equal to D/(2d) 
(Niemann, 1974). Because the light transmitted by the objective zone 
plate includes a signifi cant undiffracted (zero order) component which 
must not reach the detector, the illumination of the sample needs to be 
hollow-cone and this is achieved by means of a stop built into the 
condenser, blocking a central circle of radius about one third to one 
half of the condenser radius. The objective zone plate used by XM-1 in 
the resolution test described above had the following characteristics: 
outer zone width ∆rn = 15 nm, diameter d = 30 µm, 500 zones of 80 nm 
thick gold (giving a maximum aspect ratio of 5 : 1), and focal length 
f = 0.3 mm at 815 eV. This is the highest resolution zone plate used to 
date and slightly larger outer zone widths (25–30) are used for routine 
user operations. The vertical phase space area of the synchrotron 
source is generally smaller than its horizontal phase-space area and 
smaller than that of the microscope (which equals object full-width d 
times twice the objective NA). Since the condenser zone plate cannot 
expand the phase space, both the object width and the numerical aper-
ture of the objective of a TXM will generally be underfi lled. To counter 
the under fi lling of the object fi eld, the condenser is usually “wobbled” 
up and down during the course of an exposure. This type of micro-
scope layout, in which the source is imaged on to the sample, is known 
as “critical illumination” (Born and Wolf, 1999) and is widely used for 
amplitude contrast.

Traditionally, the specimen has been placed in an atmospheric pres-
sure environment and to accomplish this, thin vacuum windows 
(100 nm Si3N4 or Si are common) can be used between the condenser 
and the specimen, and also between the specimen and the objective 
zone plate. Because the focal length of the objective zone plate is quite 
small (for example, in the case of a 25-nm-outermost-zone-width, 60-
µm-diameter zone plate operating at 530 eV it would be 1.3 mm.), the 
specimen region lying between these two windows is quite constrained. 
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The beam then re-enters a vacuum environment where the objective 
zone plate and the image detector are located. At energies below a few 
keV, the most common detector is a backside-thinned CCD which is 
directly illuminated by the X-ray beam; at higher energies, phosphor 
screens imaged by a visible light lens onto a CCD detector are com-
monly used. Because of the desire to deliver 10–50 nm resolution using 
detectors with 1–20 µm pixel size, the distance from the zone plate 
objective to the detector is often in the range 1–2 m to give acceptably 
high optical magnifi cation.

The approach described above is commonly used with bending 
magnet and laboratory sources. Particular challenges arise when the 
source phase space area is dramatically smaller than desired, which is 
the case for undulator sources on low emittance storage rings. As an 
example, Niemann has studied a variety of solutions for the condenser 
of the current Berlin TXM which is illuminated by a BESSY II undulator 
(Niemann, 1998). The adopted solution (Niemann et al., 2000) involves 
a zone plate segment, and three fl at mirrors. The magnifi cation of the 
zone plate is chosen to fully illuminate the object fi eld. The fi rst mirror 
is fi xed but must be tilted for a change of wavelength. The other two 
mirrors are mounted in a structure that rotates and delivers an incoher-
ent hollow-cone beam of which the inner-to-outer angular difference 
(∆ϑ say) is determined by phase-space matching and the outer angle 
(the NA) is determined by the last-mirror refl ection angle. Thus the 
illuminated area and the NA can both be chosen, no wobbling is 
required and Liouville’s theorem (which states that the phase space 
area of an optical beam is a conserved quantity) is respected by allow-
ing ∆ϑ to fl oat. This system represents an elegant optical solution, 
though it is mechanically quite complex. Other strategies to expand the 
phase space of an XUV beam have been explored by the microfabrica-
tion community who are concerned about “fringing” in XUV lithogra-
phy (Murphy et al., 1993; White et al., 1995). One such approach is to 
design a pseudorandom diffractive optic specifi cally to “spoil” the 
phase space of a beam and match the object size and the NA (David 
et al., 2003); such optics must meet the challenge of evenly fi lling both 
the object plane and the back focal plane with light.

3.1.2 TXM Phase Contrast Layout
As noted above, phase contrast plays an important role in X-ray micros-
copy, particularly at higher photon energies. In order for phase varia-
tions at the specimen plane to produce intensity variations at the 
detector, some method of mixing the wave diffracted by the specimen 
with an undiffracted phase-reference wave must be employed. The 
most common approach in X-ray microscopes is that of Zernike. In 
light microscopes, Köhler illumination is provided by using a relay 
lens to image the source on to the front focal plane of the condenser. 
Points at this front focal plane deliver parallel beams to the object plane 
which (if undeviated by the object) are focused on to a phase ring at 
the back focal plane of the objective where they are phase shifted 
usually by ±π/2. Thus the ring aperture at the front focal plane of the 
condenser provides a narrow, hollow cone of illumination of the speci-
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men, and is conjugate to the phase ring. At the same time, light origi-
nating from a point scatterer in the object is focused to the detector, 
where it interferes with the phase-shifted unscattered light (see Figure 
13–17).

In X-ray microscopes, it is more diffi cult to use a relay optic to work 
in the Köhler illumination condition; instead, the front focal plane ring 
aperture is illuminated by nearly parallel light from the source (i.e., 
critical illumination) so that a much smaller area of the condenser is 
illuminated. Because the light from the front aperture is much more 
collimated than would have been the case with Köhler illumination, 
the longitudinal location of the aperture and its corresponding phase 
ring is much less critical than it is with visible light microscopes so the 

Figure 13–17. Two illustrations of a Zernike phase contrast optical system. The upper one shows the 
classical scheme used in light microscopes based on Köhler’s illumination (Born and wolf, 1999). Light 
from each point of the annular aperture, placed in the front focal plane of the condenser, is delivered 
to the object as a parallel beam. Two object points are shown receiving example rays from the source. 
The rays may be undeviated by the object, in which case they are seen to pass through the phase ring 
on their way to the detector. On the other hand the rays may be deviated (diffracted) by the object in 
which case they reach the detector without passing through the phase ring. Interferences between 
these two types of optical signal result in a mapping of the object phase variations into an intensity 
pattern on the detector. The lower diagram shows a practical synchrotron radiation implementation 
of a Zernike-phase-contrast TXM at the 4.1 keV beam line on ID21 at the European Synchrotron Radi-
ation Facility in Grenoble. An undulator X-ray source is followed by a crystal monochromator illu-
minating a condenser zone plate (which can be small since it does not have to act as a linear 
monochromator). The condenser provides critical illuminated to the sample rather than Köhler and, 
due to the good collimation of the incoming beam, the illuminated area of the condenser is projected 
on to a phase ring in the back-focal plane of the objective zone plate so as to provide phase contrast. 
The tradeoffs involved in choosing the illuminated area of the condense pupil are discussed in Section 
3.3.6 (Courtesy J. Susini, ESRF.)
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primary alignment requirement is transverse to the X-ray beam direc-
tion. For computations it is convenient to consider the two rings as 
built into the lens pupil functions. Evidently when the source is well-
collimated, as in the case of a synchrotron, there is no need for the two 
rings to be exactly conjugate. The use of the ring aperture obviously 
makes the illumination more coherent. The question of the best choice 
of width and radius for the two rings or, equivalently, how much coher-
ence to have, we defer until later (Section 3.3.6). The phase ring itself 
is constructed out of a material with a large phase shift per absorption 
length f1/(2f2), such as any material used at energies just below an 
absorption edge.

Zernike phase contrast X-ray microscopy was pioneered by Schmahl 
and Rudolph (1987) and Ruldoph et al. (1990), and the Göttingen group 
has shown impressive results in phase contrast for water-window 
imaging of biological specimens. The ring aperture and phase ring 
used in these experiments could be rapidly inserted or retracted 
(Schmahl et al., 1994, 1995; Schneider, 1998). Phase contrast is arguably 
even more important at higher X-ray energies where it is the dominant 
contrast mechanism. For example a hard X-ray (4 keV) phase-contrast 
microscope, illuminated by a system using a crystal monochromator 
followed by a condenser zone plate, is operating at the ID21 beam line 
at the European Synchrotron Radiation Facility in Grenoble, France 
(see Figure 13–17). Imaging of functioning integrated circuits at 60 nm 
resolution has been demonstrated (Neuhäusler, 2003); see Section 4 for 
more information on this. In another example of this confi guration, the 
National Synchrotron Radiation Research Center in Hsinchu, Taiwan 
has installed a TXM built by Xradia. This instrument (alluded to in 
Sections 1.4 and 2.4.4) has been used to demonstrate the long-existing 
idea of using zone plate higher focal orders for imaging. In water-
window instruments which typically have focal lengths on the order 
of 1–2 mm in fi rst order (and therefore 1/3–2/3 mm in third order), the 
idea has not been readily adopted due to practical considerations of 
working distance. However, in the Taiwan experiment (Tang et al., 
2006) a phase contrast image of a fabricated test object was made at 
8 keV using a 50 nm outer-zone-width zone plate in third order. Lines 
of minimum width 30 nm were imaged clearly and the authors esti-
mate a resolution below 25 nm. This is evidently a most important 
development (see Section 5).

3.1.3 Scanning Ttransmission X-Ray Microscope (STXM) Layout
Scanning transmission X-ray microscopes (STXMs) typically use a 
zone plate to demagnify a pinhole source to a small focus spot through 
which the specimen is scanned. While initial demonstrations using 
synchrotron radiation used pinhole optics (Horowitz and Howell, 1972; 
Rarback et al., 1980), the use of zone plate optics in scanning micro-
scopes was pioneered by Rarback et al. (1984) and later by (Niemann, 
1987; Niemann et al., 1988). (Normal incidence optics with synthetic 
multilayer refl ective coatings have also been used in the 50–120 eV 
range (Haelbich, 1980a; Haelbich et al., 1980b; Ng et al., 1990)). Since 
scanning microscopes require coherent illumination to reach their 
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maximum resolution, they have often used undulators as high bright-
ness sources (Rarback et al., 1988; Kenney et al., 1989; Morrison et al., 
1989b) though excellent performance has also been obtained using 
bending magnet sources on low emittance storage rings (Kilcoyne 
et al., 2003). While a large number of STXMs are now in operation, we 
describe here the characteristics of the most recent in a series (Rarback 
et al., 1988; Jacobsen et al., 1991; Feser et al., 1998, 2000) of undulator-
based scanning microscopes built at Stony Brook University for opera-
tion at the National Synchrotron Light Source at Brookhaven National 
Laboratory in New York. A soft X-ray undulator plus spherical grating 
monochromator with an energy resolution that can be as good as 
0.06 eV at 290 eV (Winn et al., 2000) is used to deliver soft X-rays to a 
2D exit slit which can limit the beam size in the range 25–120 µm in 
both x and y. This slit then serves as a secondary radiation source for 
zone plates of either 80 or 160 µm diameter and zone widths of 30–
45 nm (Spector et al., 1997; Tennant et al., 2000), producing a focal spot 
of 36–54 nm Rayleigh resolution. The beam emerges from the ultra high 
vacuum synchrotron beam line into an atmospheric pressure environ-
ment by passing through a 100 nm thick Si3N4 window. The zone plate 
includes a central stop of about half the zone plate diameter; this stop 
must be made quite thick (0.3 µm gold is common for soft X-ray applica-
tions) so that the undiffracted light transmitted through the large 
central stop is kept to a very small level compared to the fl ux in the 
focused X-ray beam. The zone plate is then followed by an order sorting 
or selecting aperture (OSA) so that a pure fi rst-order focal spot is 
obtained.

While steering mirrors are used to scan the beam in visible light 
scanning microscopes, it is easier to maintain signal uniformity by 
keeping the beam and zone plate fi xed and scanning the specimen 
through the focal spot. This is accomplished using an X-Y-Z stack of 
stepping motor stages for large motion with 1 µm precision, and a piezo 
scanning stage for 50–100 µm range and nanometer precision. Because 
piezos have nonlinearities and hysteresis in their response to scan volt-
ages, some form of closed-loop feedback is generally used, based on 
position signals such those provided by linear voltage differential 
transformers (Kenney et al., 1985), capacitance micrometers (Jacobsen 
et al., 1991), or laser interferometers (Shu et al., 1988; Kilcoyne et al., 
2003); the latest Stony Brook STXM allows the user to choose between 
capacitive or laser interferometer feedback. The specimen is then fol-
lowed by a high effi ciency X-ray detector; common choices include the 
use of gas-based proportional counters which offer extremely high 
effi ciency of detection for those X-rays that make it through a thin 
entrance window (Rarback et al., 1980; Kenney et al., 1985; Feser et al., 
2000) but which suffer from a count-rate limit of about 1 MHz. Alterna-
tives are phosphor-coated screens followed by photomultipliers to 
detect the resulting visible light (Maser et al., 2000), and solid state 
detectors which are capable of signifi cantly higher signal rates (Barrett 
et al., 1998; Wiesemann et al., 2000; Feser et al., 2001, 2003; Guttmann 
et al., 2001). In the Stony Brook STXM, the user can choose between 
proportional counter and segmented silicon detectors, and a visible 
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light microscope is also placed on the detector stage with X-Y-Z motor-
ized motion so as to pre-locate desired regions of the specimen. Another 
approach, which works for either a TXM or a STXM, is co-indexing of 
off-line light microscopes with the X-ray microscope (Meyer-Ilse et al., 
1994, 2001; Kilcoyne et al., 2003).

Scanning microscopes offer different characteristics than full-fi eld 
imaging systems do. These include the ability to quickly change from 
scanning very large areas at low resolution to taking high resolution, 
small fi eld scans, and reduced radiation dose because the 5–20% effi -
cient zone plate is located upstream of the specimen rather than down-
stream. Because of the need to mechanically scan the specimen in most 
present microscopes, and the need for coherent illumination, imaging 
times are generally longer (in the range of one or a few minutes, rather 
than seconds in the case of many TXMs). At the same time, the require-
ment for coherent illumination means that the etendue or phase space 
that the monochromator must accept is greatly reduced, so that aber-
rations are reduced and it is relatively easy to obtain very high spectral 
resolution. These characteristics make scanning transmission X-ray 
microscopes especially well suited to low-dose spectromicroscopy 
applications, as will be described below.

Phase contrast has historically seen less use in scanning transmis-
sion X-ray microscopes. However, refractive and diffractive effects by 
the specimen lead to a redistribution of signal on the detector which 
can be interpreted to give phase contrast images (as will be discussed 
below). The ultimate approach is to use a 2D detector (such as a CCD 
camera) to detect the entire intensity distribution at each pixel of a 
scanned image; Chapman has used this in an impressive demonstra-
tion of Wigner deconvolution microscopy to recover the phase and 
magnitude distribution of the specimen as well as the zone plate objec-
tive (Chapman, 1996a), while Morrison et al. have used this to obtain 
fi rst moment images which reveal the dominant phase gradient at each 
pixel location (Eaton et al., 2000; Morrison et al., 2002). Coupled with 
the potential power of these approaches are signifi cant challenges: the 
readout time of large pixel detectors is often not in the few or sub 
millisecond pixel timescale required for fast scanning, and the result-
ing 4D data fi les are quite large. More fundamental is the question of 
statistical signifi cance in each pixel of a large array detector when 
radiation dose to the specimen must be considered; in some cases it 
may be preferable to divide a weaker signal into fewer detector seg-
ments. This approach has been used by Feser et al. (Figure 13–18) who 
have used a detector with only 8 segments to obtain quantitative phase 
contrast images while operating at per-pixel acquisition times of a few 
milliseconds and producing data fi les of manageable size (Feser et al., 
2003) (see Figure 13–18). Additional approaches to obtaining phase 
contrast in scanning microscopes include the use of zone plate dou-
blets (Kaulich et al., 2002) or phase modifi ers (Polack et al., 2000) to 
produce differential interference contrast. Undoubtedly different 
experiments will involve different choices in the tradeoff of the fi ne-
ness of segmentation of scanning microscope detectors, but in any case 
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it is clear that phase contrast plays an interesting role in scanning 
transmission X-ray microscopy as well as in microprobes as will be 
noted below.

3.1.4 Scanning Fluorescence X-Ray Microprobe (SFXM) Layout
Scanning fl uorescence X-ray microprobes (SFXM) use a focused X-ray 
beam to stimulate the emission of characteristic fl uorescence X-rays 
from specifi c elements in the specimen. When linearly polarized radia-
tion (such as is usually obtained from synchrotron sources) is used, a 
fl uorescence detector placed 90º to the beam in the polarization plane 
will detect a minimum of coherent scattering signal; this detector must 
then have some means of discriminating between different X-ray emis-
sion energies. Energy-dispersive detectors accomplish this by measur-
ing the number of electron-hole pairs created by each X-ray in a 
semiconductor material, while wavelength-dispersive detectors use a 
crystal optic or a grating to separate the X-ray energies. Energy disper-
sive detectors generally have large solid angle collection, and multi-
element detectors can be used to overcome the ∼50 kHz count rate limit 
determined by charge readout time, while wavelength dispersive 
detectors offer better separation between nearby spectral lines and 
larger dynamic range for detecting low concentration elements amongst 
other fl uorescing elements of higher concentration. There is a long and 
rich history of synchrotron-based microprobes (Horowitz and Howell, 
1972; Sparks, 1980; Rivers et al., 1988; Thompson et al., 1988; Hayakawa 
et al., 1989), and a variety of optical approaches including the use of 
compound refractive lenses and Kirkpatrick-Baez mirror optics are 
now achieving submicron resolution. We outline here some of the 
characteristics of microprobes using zone plate optics (Barrett et al., 
1998; Yun et al., 1998a; Suzuki et al., 2001; Kamijo et al., 2003) by 

Figure 13–18. Amplitude (left) and phase (right) contrast images of a germanium test pattern imaged 
using a scanning transmission X-ray microscope with a segmented detector. Also shown is a schematic 
view of the detector. The undefl ected beam from the fi rst order focus is directed into bright fi eld seg-
ments 1, 2 and 3 (these segments also allow differential interference contrast). The defl ected beam is 
detected in the angular segments 4, 5, 6, and 7 for dark fi eld imaging and differential phase contrast. 
(Reprinted from Feser et al., © 2003, with permission of EDP Sciences.)
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considering the example of the 2-ID-E microprobe at the Advanced 
Photon Source at Argonne National Laboratory near Chicago.

This microprobe operates using a side-defl ecting crystal monochro-
mator to transfer an off-axis part of the central cone produced by a 
hard X-ray undulator. In the vertical direction, the objective zone plate 
images the source directly onto the specimen, while in the horizontal 
direction the variable width monochromator exit slit is imaged. Astig-
matism effects are avoided in the resulting focused beam by the fact 
that the depth of focus is much larger than the difference between 
the positions of the horizontal and vertical foci of the zone plate (in 
addition, the zone plate can be tilted to compensate for more severe 
source astigmatism). Zone plates of diameter 160–320 µm and outer-
most zone width of 100 nm are typically used, giving focal lengths of 
12–25 cm at 10 keV. While the probe size can be as small as 150 nm, a 
larger horizontal source size is often chosen to give more fl ux at the 
cost of resolution. The specimen is mounted at 15º to the incident 
beam to provide access to both the incident X-ray beam and the fl uo-
rescence detector, and it is scanned by motor-driven stages with 0.1 µm 
step size. A multi-element germanium fl uorescence detector is used 
to collect the fl uorescent signal; one can either record the signal in a 
limited number of pre-defi ned energy windows for rapid analysis 
with modest data fi le size, or record the full fl uorescence spectrum 
per pixel for improved quantitation of elements with closely spaced 
fl uorescence energies. The region consisting of the specimen and 
detector is located inside a glovebox which can be purged with helium 
to eliminate fl uorescence from argon in air which would otherwise 
obscure a number of low-Z elements, and to reduce the absorption of 
low-Z fl uorescence signals by air. Per-pixel dwell times are on the 
order of one second, so that the experimenter must be judicious in the 
choice of scan area (the use of common position indexing between a 
visible light microscope and the microprobe aids in rapid specimen 
location).

Zone plates of diameter 50–100 µm and outermost zone width of 
100–300 nm are typically used, giving focal lengths of 5–30 mm. While 
the probe size can be as small as the Rayleigh resolution of 1.22 times 
the outermost zone width, a larger virtual source size is often chosen 
to give more fl ux at the cost of resolution. The specimen is mounted at 
45º to the incident beam to provide access to both the incident X-ray 
beam and the fl uorescence detector, and it is scanned by motor-driven 
stages with 0.1 µm step size. A multi-element germanium fl uorescence 
detector is used to collect the fl uorescent signal; one can either record 
the signal in a limited number of pre-defi ned energy windows for 
rapid analysis with modest data fi le size, or record the full fl uorescence 
spectrum per pixel for improved quantitation of elements with closely 
spaced fl uorescence energies. The region consisting of the zone plate, 
specimen, and detector is all located inside a glovebox which can be 
purged with helium to eliminate fl uorescence from argon in air which 
would otherwise obscure a number of low-Z elements. Per-pixel dwell 
times are on the order of one second, so that the experimenter must be 
judicious in the choice of scan area (the use of common position index-
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ing between a visible light microscope and the microprobe aids in 
rapid specimen location).

Trace element mapping by fl uorescence detection with sensitivities 
down to about 100 parts per billion, or about 10−17 grams of iron within 
a (200 nm)2 spot, represents the majority of microprobe applications. 
However, X-ray microprobes can be used in a number of other ways 
as well, including measurements of crystal strain in small regions 
(Rebonato et al., 1989; Cai et al., 1999; Soh et al., 2002) and differential-
aperture measurements of microstructure and strain (Larson et al., 
2002). The phase contrast methods described above for STXM are 
equally applicable in SFXM, and offer a much-needed way to image 
the overall mass and ultrastructure of specimens while simultaneously 
forming trace element or strain maps.

3.2 Fundamentals of Contrast in the TXM

It is useful to have an analytical treatment that provides insight into 
the way a microscope produces contrast and at the same time allows 
simple calculations to assess experimental plans. This was provided 
by Rudolph and coworkers (1990) in a form that allows amplitude-
contrast, Zernike-phase-contrast and dark-fi eld imaging, to be included 
in a unifi ed description, that is largely independent of the microscope 
design. Assuming only that we have an imaging microscope, we con-
sider fi rst the Zernike phase-contrast TXM.

We are interested in the contrast C or the contrast parameter Q (see 
Section 1) between an interesting feature F and a background feature 
B generated via the phase shifter S. F and B are defi ned to have the same 
thickness but in reality the background material (water for example) 
may be thicker than the feature so we allow for that by adding a layer 
L. If we defi ne the complex transmission factors of F, B, S and L as aF ⋅ pF 
≡ [exp{−2πβFtF/l}] ⋅ [exp{2πiδFtF/l}] etc where 1–δ–iβ is the refractive 
index and t is the thickness, then following Rudolph et al. (1990) we can 
obtain the image intensities (IF and IB) and thence C and Q
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The dose D (the energy deposited per unit mass of sample) needed to 
detect a feature of area d2, thickness tF = d and density ρ with signal-
to-noise ratio S/N can now be calculated (Rudolph et al., 1990) as 
follows
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where hc = 1240 eV-nm represents the product of Planck’s constant and 
the velocity of light. The above relations are convenient because, in 



876 M. Howells et al.

addition to phase contrast, they also describe amplitude-contrast (ts = 
0) and dark-fi eld (ts = large) experiments. The formula for D yields dose 
plots like Figure 13–5 and also tells us that the number of X-rays (of 
energy E) per unit area required to make the measurement with the 
given resolution and signal-to-noise ratio is Dρ/(µE), where µ is the X-
ray absorption coeffi cient.

In the multi-keV X-ray energy range, the phase contrast is substan-
tially larger than the absorption contrast for suitable choices of the 
thickness of the phase shifter. The best result is typically achieved by 
attenuating the direct beam by the phase plate so that its amplitude 
is comparable to that of the scattered signal, resulting in an interfer-
ence of two beams of similar amplitude. The available choices of 
phase plate thickness to optimize this are positive phase contrast 
(phase shift = π/2, 5π/2,  .  .  .) or negative phase contrast (phase shift = 
3π/2, 7π/2,  .  .  .). Figure 13–19 shows contrast plots of some of these 
possibilities. Although these plots are useful for providing compara-
tive information, they represent a considerable idealization; the phase 
shift is assumed to be applied to 100% of the undiffracted light and 
0% of the diffracted light, the thickness of the phase shifter is chosen, 
at each energy, to give the stated phase shift and the optical system 
is assumed 100% effi cient. Under these assumptions, the dark-fi eld 
contrast is identically equal to one. This suggests that dark-fi eld has 
a dose advantage that will be dependent on the practical value of the 
nominally zero signal due to the undiffracted light and on the strength 
of the dark-fi eld signal (Chapman et al., 1996c; Vogt et al., 2001a).

3.3 Partial Coherence

3.3.1 History
The resolution of microscopes, including X-ray microscopes, depends 
on the angular widths of the light beams delivered to, and collected 
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Figure 13–19. Intrinsic amplitude and Zernike phase contrast for two types of sample of thickness 
30 nm relative to a background material of the same thickness: protein in water (left) and vacuum in 
glass, representing a crack (right). The protein is modeled assuming a density of 1.35 g/cm3, composi-
tion of H50C30N9O10S and a phase ring made of copper. Glass is modeled assuming a density of 2.5 g/cm3, 
composition Si16Na12K1Ca7Mg6P1O57 and a phase ring made of gold. It is noteworthy that the phase 
contrast can be much greater than the amplitude contrast even in the 290–540 eV water window.
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from, the sample . The analysis of this effect was pioneered in the 1950s 
by Hopkins, Wolf and others and was part of a movement to apply the 
linear-systems ideas, widely used by the engineering community, in 
the optical arena. This work has been reviewed by Hopkins (1957), 
Thompson (1969), and in various texts (Wilson and Sheppard, 1984; 
Goodman, 1985; Born and Wolf, 1999). The main point is that the fi nest 
features (highest spatial frequencies) in the sample diffract the illumi-
nating beam by the largest angles θ. The best geometry to include such 
large defl ection angles is therefore one that has a wide-angle beam 
both inward to, and outward from, the sample. This implies broadly 
that in a TXM, a large-area source providing spatially incoherent illumi-
nation gives better resolution than a point source giving coherent illu-
mination (Figure 13–20), although such a comparison is not as simple 
as it sounds (Goodman, 1968). It would be wrong to conclude from this 
that STXMs which use coherent illumination have intrinsically worse 
resolution than TXMs. In fact, scanning microscopes with large area 
detectors and transmission microscopes with large illumination angles 
both deliver incoherent bright-fi eld images with the same resolution 
and transfer function provided only that they use objective lenses of 
equal resolution.

The fi rst application of linear-systems concepts in X-ray microscopy 
was in the analysis of STXM images (Jacobsen et al., 1991; Zhang et al., 

θ

θ

d

d/2

Figure 13–20. Schematic showing why the transfer function for incoherent 
imaging extends to twice the spatial frequency of coherent imaging for a given 
optic numerical aperture. For coherent imaging (top) the marginal ray is 
deviated by an angle theta due to diffraction by the sample periodicity d. For 
incoherent imaging (bottom) some light is deviated by 2θ due to the sample 
periodicity d/2. Both TXM and STXM with large area detector deliver incoher-
ent bright-fi eld images. (After Jacobsen et al., 1992b.)
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1992) in which the intensity point spread function and its Fourier 
transform, the optical transfer function (OTF) were calculated. In fact, 
the magnitude of the OTF, known as the modulation transfer function 
(MTF), was both calculated and measured for the Stony Brook STXM 
and good agreement was obtained (Figure 13–21). Similar analysis has 
been provided for TXMs (Jochum and Meyer-Ilse, 1995; Niemann et al., 
2000). Jochum and Meyer-Ilse provided a fairly general treatment of 
the application of coherence theory to X-ray microscopy including 
imaging of two-point and step objects by a realistic TXM in bright-fi eld 
amplitude contrast. Other discussions of coherence issues have been 
provided by (Heck et al., 1998; Chao et al., 2003).

3.3.2 Fourier Optics Treatment
Partially coherent imaging by a microscope can be described generally 
by the methods of Fourier optics (Wilson et al., 1984; Goodman 1985; 
Born and Wolf, 1999). This method uses a real-space and a frequency-
space description of waves in which frequencies (u) are closely 
related to directions (θ) according to the general (1D) relation u = 
sin θ/l. Following Chapman et al. (1996c), we consider fi rst a STXM 
with amplitude point spread function h(x) imaging a sample of ampli-
tude transparency t(x). Using capital letters to represent Fourier trans-
forms, the pupil function of the lens is H(u) where u is the general 
frequency coordinate, that is conjugate to the object-plane spatial coor-
dinate x and has a maximum value of NA/l where NA refers to the 
beam-limiting lens. Any point in the lens pupil or the detection plane 
can be represented by a u value. Since the detector in a STXM is placed 
in the far fi eld of the X-ray focal spot, the diffraction pattern formed in 
the detection plane in the absence of a sample will be H*(−u). When 
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Figure 13–21. Measured and calculated modulation-transfer function for 
STXM imaging with a nickel zone plate of outer zone width 45 nm and diam-
eter 100 nm. The calculated curve was derived from the known zone plate 
aperture function and the size and distance of the source pinhole. (Reprinted 
from Jacobsen, © 1991, with permission from Elsevier.)
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the sample is present and the spot is at xs, the wave fi eld immediately 
behind the sample is h(x)t(x − xs) and the fi eld in the far-fi eld detection 
plane is given by the Fourier transform of that. The detected intensity 
is therefore

 F(u,xs) = |H(u)⊗uT(u)e2πixs.u|2 (33)

where ⊗ represents convolution and the convolution and shift theo-
rems have been used. The same quantity F(u,x) can also be represented 
in another useful way. By inserting the representations of H(u) and 
T(u) as Fourier integrals into the convolution integral Eq. (33) and using 
the Fourier-integral defi nition of the delta function (Born and Wolf, 
1999) and then its sifting property, we obtain (Chapman et al., 1996c)

 F(u,x) = |h(x)⊗xt(x)e−2πix.u|2, (34)

The fi rst of the above two equations represents the diffraction pattern 
formed in the detection plane by a STXM at each scan position as 
F(u,xs), regarded as a function of u for a given xs. The second equation 
represents a coherent image in a TXM, for illumination direction u, as 
F(u,x), regarded as a function of x for a given u. In the fi rst case the 
exponential represents the scan shift xs and in the second case it rep-
resents the incoming plane wave at direction u. This optical equiva-
lence of the STXM and TXM is known as “reciprocity” and is discussed 
further in Section 3.3.4. To get the delivered intensity image I(x) in 
either case one has to integrate the signal in the detection plane over 
the particular distribution of u values that are used. That is in STXM 
we integrate over the intensity response function of the detector |D(u)|2 
while in TXM we similarly integrate over the intensity distribution in 
u delivered by the source |S(u)|2.
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If the condenser is approximately incoherently illuminated (as speci-
fi ed in §10.5.1 Eq. 13 of (Born and Wolf, 1999) for example), which is 
often the case for TXMs, (Schneider, 1998; Vogt et al., 2001a), then the 
effective source (Hopkins, 1957), |S(u)|2, will be the condenser lens 
aperture function. The expression for the fully incoherent bright fi eld 
image (|D(u)|2 = 1 or |S(u)|2 = 1) is the same in both TXM and STXM and 
is obtained by inserting Eq. (33) into Eq. (35) and applying Parseval’s 
theorem (Chapman et al., 1996c)

 IBF(x) = |h(x)|2⊗x|t(x)|2 (36)

The coherent bright fi eld image is available from a STXM by using an 
axial point detector and from a TXM by using an axial point source. 
Both are given by F(0,x) although neither is widely used in X-ray 
microscopy. The process of integrating over S or D, which is carried 
out automatically by the hardware of the TXM or STXM, is generally 
convenient but it destroys potentially useful information about the 
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sample. A procedure for capturing this information, by storing the 
full detection-plane pattern at every pixel position of the STXM image, 
has been described and implemented to obtain phase- and amplitude-
contrast images by Chapman etal. (1996a). The speed of the procedure 
was limited by the speed of early 1990s computers but, given the im -
provement of computers since then, it may well be time to re-examine 
this approach (see Section 3.1.3). Eq. (34) and Eq. (36) show respectively 
that coherent imaging is linear in the amplitude and incoherent imaging 
is linear in the intensity. On the other hand, as we see below, partially 
coherent imaging is not linear in either.

3.3.3 Contrast Transfer
In the case that we do not have |D(u)|2 = 1 or |S(u)|2 = 1, the above pro-
cedure used to obtain Eq. (36) does not lead to such a simple result but 
rather to the following expression representing partially coherent 
imaging in a STXM (Kintner et al., 1978; Wilson and Sheppard, 1984; 
Born and Wolf, 1999).

 I C T T e d dix m p m p m pm p x( ) = ( ) ( ) ( )∫∫∫∫
−∞

+∞
− −( )⋅[ ]; * 2π  (37)

 C D H H dm p u u m u p u;( ) = ( ) −( ) −( )
−∞

+∞

∫∫ 2 *  (38)

For a TXM S replaces D in the last equation. The integration variables 
m and p in Eq. (37) are frequencies similar to u but m represents a ray 
incident on the sample while p represents a ray emerging from it. The 
ranges of frequencies included in these beams by the form of S or D 
determine the range of periodicities (m–p) in the sample that contrib-
ute to the image and thus determine the extent of the MTF in frequency 
space. The function C(m; p) is known in optics as the transmission 
cross coeffi cient (Born and Wolf, 1999) or the partially coherent trans-
fer function (Wilson and Sheppard, 1984) and provides a sample-
independent description of the effect of both the illumination and the 
optical system on the transfer of information from object to image. It 
is not a true transfer function, since the transfer is not linear, but is a 
member of a wider class of “bilinear transfer functions.” Such func-
tions are described, for example, by (Saleh, 1979) and have been applied 
to partially coherent X-ray imaging by Vogt et al. (2001a).

C(m; p) is widely used in the optical and electron microscopy com-
munities and its properties have been worked out in detail; see for 
example (Sheppard and Wilson, 1980; Wilson and Sheppard, 1984). It 
is normally a 4D function but in the case of a 1D object it becomes the 
2D function C(m;p). The value of C(m;p) is then equal to the overlap 
integral of the three appropriately shifted aperture functions in the 
integrand of (38) (Kintner et al., 1978; Wilson and Sheppard, 1984; Born 
and Wolf, 1999). For many cases of interest in both TXM and STXM, 
all three are circular disks or annuli (Figures 13–22 and 13–23). For the 
ideally incoherent bright-fi eld image the value of D or S is taken to be 
unity for all frequencies and the overlap then depends only on the 
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Figure 13–22. Imaging of a one-dimensional 
cosine amplitude grating object using a STXM. 
The top row shows the signal in the detection 
plane. The center row shows gray-level plots of 
C(m, p) in m–p space overlaid with the support 
boundary of C(m, p) (solid lines) and the spectra 
T(m)T*(p) as in Eq. (37) (spots). The middle row 
shows bright fi eld and the bottom row dark 
fi eld. The three columns correspond to grating 
frequencies that are (a) >2, (b) between 1 and 2 
and (c) <1 expressed in units of the maximum 
values of m and p which are both equal to NA/l. 
(Reprinted from Chapman et al., © 1996c, with 
permission from Elsevier.)

Figure 13–23. Bright-fi eld (a) and dark-fi eld (b) 
partially coherent transfer functions for a 1D 
object and an annular lens with inner radius 
equal to 0.44 times the outer (after Chapman 
et al., 1996c). The function C(m, p) is plotted 
against m and p, expressed as multiples of their 
maximum value NA/l. (Reprinted from 
Chapman et al., © 1996c, with permission from 
Elsevier.)
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difference m–p of the shifts of H and H*. That is, there is only one 
response to the sample frequency s = m − p irrespective of m, which 
indicates a linear system with MTF equal to C(m–p;0)/C(0;0). For forms 
of D or S corresponding to partial coherence, the system is not linear. 
On the other hand a dark-fi eld confi guration must have detector (or 
source) and lens aperture functions which have zero overlap at m = p 
= 0. For example D or S could be the Babinet inverse of H. For circular 
functions of the latter type C(m;p) = 0 if sign(m) ≠ sign(p). Examples of 
both bright- and dark-fi eld transfer functions for aperture geometries 
that are representative of a STXM and that show the above character-
istics are given by Chapman et al. (1996c) (Figure 13–23). The response 
of the same systems to a grating-like object are also given (Figure 13–
22). Dark-fi eld STXM is particularly well suited to imaging samples 
with small features such as gold labels that scatter by large angles 
(Chapman et al., 1996b). The procedures outlined above allow the cal-
culation of the MTF and the resolution behavior of both types of X-ray 
microscope based on a knowledge of the resolution-determining lens 
and the geometry of the source or detector. It is noteworthy that, as in 
other types of microscope, the resolution does not depend on aberra-
tions of the condenser if there is one. As noted in Section 3.1.2 and 
illustrated in Figure 13–17, the placement of a ring aperture and phase 
ring to get Zernike phase contrast in a TXM may be modeled as modi-
fi cations of the source and lens aperture functions. By this means the 
above method of analysis may be applied to this case as well (Mondal 
and Slansky, 1970; Sheppard and Wilson, 1980; Morrison, 1989a).

3.3.4 Reciprocity
The general conclusion of the above analysis is that the optical systems 
of the TXM and STXM are the same with the position of the lens, before 
or after the sample, interchanged and the role of the source and detec-
tor interchanged. This is the “reciprocity” relationship (Zeitler and 
Thomson, 1970) that has long been recognized in the visible-light and 
electron imaging communities and has been explained in the context 
of X-ray imaging by Morrison (1989a; Morrison et al., 2002). Thus we 
might expect that, given identical resolution-determining lenses, a 
TXM and a STXM (both operating in incoherent bright-fi eld mode) 
could equally well utilize wide-angle beams and get good resolution. 
For TXM the requirement would be that the condenser should deliver 
a wide angle to the sample and for STXM that the detector should 
collect a wide angle from the sample. However, in the past, the practical 
realization of a wide-angle condenser for a TXM has been much harder 
than a wide-angle detector for a STXM as we discussed in the con-
denser zone plate section above.

In practice the TXM/STXM relationship is not quite as symmetrical 
as the above account suggests because of the general use of objective 
zone plates with a central stop for STXM (Section 3.1.3) but not for 
TXM. The stop produces a point-spread function, which has a narrower 
central peak but larger side lobes. As a consequence the frequency 
response (the MTF, see Figure 13–21) is increased in the high-frequency 
and decreased in the low-frequency region.
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3.3.5 The Infl uence of Coherence on Resolution
Calculations of the transfer function as an overlap area of three aper-
ture functions in the integrand of Eq. (38) were discussed in Section 
3.3.3. For standard TXM, these functions are circular and two of them 
are the same. One can therefore follow (Hopkins, 1957) and characterize 
the illumination by a coherence parameter s defi ned by the ratio of the 
condenser and objective numerical apertures or s = NAc/NAo. Full 
coherence is represented by σ = 0 and full incoherence by σ = ∞, 
although s = 1 is usually suffi cient to get close to fully incoherent 
behavior. We start by considering the modulation (the percent dip in 
the valley between the peaks) for a two-point object with separation 
0.61l/NAo. The modulation is 26.5% for incoherent illumination (Born 
and Wolf, 1999) and according to the Rayleigh criterion, the two points 
are just resolved. It is common practice (Born and Wolf, 1999) to extend 
the Rayleigh criterion to other pairs of objects and defi ne them as 
resolved if the modulation is at least 26.5%. An example is the two-point 
object with in-phase coherent illumination for which the just-resolvable 
separation is 0.82l/NAo. Further detail of this can be seen from the plots 
in Figure 13–24 (Jochum and Meyer-Ilse, 1995). An important example 
for X-ray imaging is the modulation due to a periodic object, in particu-
lar a square-wave transmission object. Such an object can either be 
prepared by standard lithography methods (Jacobsen et al., 1991) or, for 
fi ner line widths, by preparing thin cross-sections of synthetic multilay-
ers (Chao et al., 2003), to yield resolution test patterns for an X-ray 
microscope. If the resolution is defi ned as the half period of the fi nest 
square wave that can be imaged with 26.5% modulation and is expressed 
as k1l/NAo, then according to (Chao et al., 2005), the diffraction-limited 
value of k1 is 0.5 for a coherent system (s = 0) and 0.4 for s = 0.38 (the 
actual value for XM-1 illuminating the 15 nm zone plate). Thus the dif-
fraction-limited resolution of their experiment was 0.8∆rn while the 
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Figure 13–24. Image contrast as a function of 1/d where d is the point separa-
tion of a two-point object imaged by a lens with a circular pupil and coherence 
parameter σ equal to 0 (coherent case), 0.5, 1 and infi nity (incoherent case). d 
is expressed in units of l/NA. Note that the Rayleigh resolution corresponds 
to 15.3% intensity contrast (defi ned as (Imax − Imin)/(Imax + Imin)), which is the 
same as 26.5% modulation. It occurs at d = 0.61l/NA for both s = 1 and s → 
infi nity. (Reprinted from Jochum and Meyer-Ilse, © 1995, with permission 
from Optical Society of America.)
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achieved value was about 1.0∆rn (<15 nm). The data demonstrating the 
achieved resolution are shown in Figure 13–13. By reciprocity, the same 
arguments about the value of the diffraction-limited resolution would 
apply for a STXM in incoherent bright fi eld using the same zone plate. 
With a large enough detector one would achieve s = 1 and the same 
diffraction-limited resolution as a TXM with s = 1.

3.3.6 Coherence in Zernike Phase Contrast
We return now to the question of the choice of width and radius for 
the two rings in a Zernike phase-contrast confi guration of the TXM, 
or, equivalently, how much coherence is desirable in this case. This 
choice has been discussed by (Mondal and Slansky, 1970) and is essen-
tially a trade off between light collection and the distorting effects of 
the fact that the phase ring must have fi nite area, which applies an 
unintended phase change to a certain portion of the diffracted light 
causing the so-called halo effect (Wilson and Sheppard, 1981). It is 
generally thought that one needs very little coherence, that is, the ring 
aperture can leave a large fraction of the condenser area open. This is 
true if the requirement is merely to make otherwise invisible phase 
features, especially phase jumps, become visible. However, with low 
coherence, a phase step is rendered as a double-peaked zero-crossing 
function and a phase rect function is rendered as two such double 
peaks. How much coherence do we need to get anything resembling a 
faithful rendition of the object? We have not found much attention to 
this point in the literature but the treatment by Martin (1966) provides 
an answer, which is confi rmed by our own computer modeling. To get 
a rendition of a rect function that looks like the original function one 
needs to have the coherence width wc = lfcond/∆rring of light arriving at 
the sample at least equal to the width of the rect function.

3.3.7 Propagation-Based Phase Contrast
Another way to achieve phase contrast is to exploit the exp[iπ(x2 + y2)/
lz] phase shifts that occur in the (x, y) plane as a result of the propaga-
tion of a coherent wavefi eld through a distance z. This is exploited in 
X-ray holographic microscopy which has had many successes (Aoki 
and Kikuta, 1974; Joyeux, et al. 1988; Jacobsen et al., 1990; McNulty et 
al., 1992; Snigirev et al., 1995; Lindaas et al., 1996; Eisebitt et al., 2004) 
but which is so far not used for routine X-ray imaging. The exception 
is in the use of holography for phase contrast tomography at higher X-
ray energies, where Cloetens and coworkers have achieved consider-
able success in routine micrometer-resolution tomography using a 
phosphor/lens/CCD detector system (Cloetens et al., 1999). While it 
lies beyond the scope of the present article’s emphasis on zone plate 
X-ray microscopy, this unique approach is providing impressive 3D 
reconstructions of diffi cult specimens including foams.

3.4 Tomography in X-Ray Microscopes

3.4.1 Principle of Operation
As was noted in Section 2.4.5 on hard X-ray zone plates, the transverse 
resolution of a zone plate operated in fi rst diffraction order is given by 
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0.61l/NA = 1.22∆rn, and the depth of focus is 2l/(NA)2 = 8(∆rn)2/l. Since 
present zone plates have outermost zone widths ∆rn that are much 
larger than the wavelength λ, this means that the depth of focus is nec-
essarily large compared to the resolution as can be seen by the illustra-
tion of the 3D modulation transfer function in Figure 13–25. This 
provides an opportunity for 3D imaging if the object is smaller than the 
depth of focus because a 2D image can then be interpreted as providing 
a simple projection through the specimen, which is precisely what con-
ventional tomography requires at each viewing angle. Tomography 
with electron microscopes is long established, and following earlier 
demonstrations by Haddad et al. (1994) using the Stony Brook STXM 
and Lehr (1997) using the Göttingen TXM, a number of groups are now 
using X-ray microscopes for tomographic studies of frozen hydrated 
biological specimens and integrated circuits, among other applications 
that will be described below in Section 4. However, although the tech-
nique used in these studies is improving, they have still not reached the 
resolution achieved by the same microscopes in 2D.

3.4.2 The Depth-of-Focus Limit
Given the successes achieved and the amount of current interest, what 
are the issues to be faced in improving the resolution of tomography 
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Figure 13–25. Properties of soft X-ray tomography using zone plate optics. At the left is shown the 
3D modulation transfer function for monochromatic, spatially incoherent bright-fi eld imaging with a 
45-nm-outer-zone-width zone plate with a half-diameter central stop, as a function of depth. One can 
see that the good in-focus frequency response is preserved over a total depth of about 8 µm. This is 
useful for many tomography experiments that rely on the fact that the delivered image is a projection 
of the object. At the right is the same information for a 20-nm-zone plate; as can be seen, the fi gure 
scales quite well from the fi gure at the left according to the square of the ratio of the fi nest zone widths. 
With a 20-nm-zone plate and monochromatic illumination, good frequency response is only preserved 
over a depth of about 0.5–1 µm which is much more restrictive, illustration the challenges of improved 
resolution in TXM zone-plate tomography. (Reprinted from Wang et al., © 2000, with permission from 
Blackwell Publishing.)
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in X-ray microscopes? One of them concerns the same depth of focus 
that makes such tomography straightforward. To our knowledge all 
demonstrations of soft X-ray tomography reconstructions have used 
zone plates with outermost zone width ∆rn no fi ner than 35 nm, so that 
the depth of focus in the water window region is at least 4 µm which 
has been comparable to the specimen size. As higher resolution zone 
plates are employed, the depth of focus will decrease as the square of 
improvements in transverse resolution, so that a 15 nm outermost-
zone-width zone plate would have a depth of focus of about 0.8 µm. 
This approaches the ∼0.5 µm thickness accessible to cryo electron 
tomography of frozen hydrated cell regions at 6–8 nm resolution 
(Grimm et al., 1998; Medalia et al., 2002) and thus would seem to leave 
a much-reduced “window of opportunity” for soft X-ray tomographers 
and apparently deny them the important goal of high-resolution, 3D 
imaging of intact eucaryotic cells.

The depth-of-focus limit evidently poses a considerable challenge to 
those who would exploit zone plate X-ray microscopes for tomography. 
Accordingly we discuss in the sections that follow several different 
approaches to dealing with the challenge.

3.4.3 Avoiding the Depth-of-Focus Limit by Reconstructing a 
Partial Volume
Zone-plate-microscope X-ray tomography as described above is based 
on geometrical optics and is mathematically identical to the technique; 
Computed Axial Tomography (CAT). Therefore, following an estab-
lished CAT procedure (see for example Ritman et al., 1997), it is possi-
ble to reconstruct partial volumes that are embedded in a larger overall 
object. This has been done in the X-ray microscope context by Xradia 
Inc. In this case the depth-of-focus limit applies to the partial volume, 
rather than the whole volume, and the signals generated by the out-of 
focus parts of the sample reduce, after combining all members of the 
tilt series, to a smooth background. The size of the region that is always 
in focus will be roughly a sphere of diameter equal to the depth of 
focus.

3.4.4 Avoiding the Depth-of-Focus Limit by 
Wide-Band Illumination
In fact, the depth of focus calculation given above is for monochromatic 
illumination, which is applicable to demonstrations of tomography of 
frozen hydrated cells in a STXM with a high-energy-resolution mono-
chromator (Wang et al., 2000). In some existing soft X-ray TXMs using 
the zone plate condenser as a linear monochromator, an energy resolv-
ing power of E/∆E ≈ 200 has been used for objective zone plates with 
N = 375 zones (the recommended bandwidth for such an objective 
would usually have been E/∆E > N, (Thieme, 1988). However, Weiss et 
al.(2002) have shown that use of E/∆E ≈ 200 leads to signifi cant changes 
of the modulation transfer function (MTF) as a function of defocus 
(similar results for different cases have been given by Schneider et al. 
(2002a)). In their calculations for a zone plate with 40 nm outermost 
zone width, the MTF at a spatial frequency of 15 µm−1 (corresponding 
to a spatial half-period of 33 nm) declines from about 0.28 in focus to 
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about 0.015 at a defocus of 4 µm in the monochromatic case. When the 
bandwidth is increased to E/∆E ≈ 200, the MTF at 15 µm−1 is reduced 
in focus to only about 0.11 but at the same 4 µm defocus it degrades 
much less to 0.08. Therefore these calculations show that, although the 
transverse resolution and effi ciency for the collection of structural 
information, are both made worse by the use of high-bandwidth radia-
tion, the depth of fi eld is improved. (To our knowledge no calculations 
have yet addressed the possibly interesting question of how this trad-
eoff with nonmonochromatic illumination compares with the tradeoff 
resulting from using a lower or higher resolution zone plate). In 
summary, it will require further investigation to determine whether 
manipulation of the bandwidth can enable signifi cant improvements 
to the tomographic resolution without reduction of the reconstructible 
sample volume.

3.4.5 Avoiding the Depth-of-Focus Limit by 
Through-Focus Deconvolution
One possible approach to beat the depth of focus limit is to use through-
focus deconvolution as is done in light and electron microscopy. In 
electron microscopy, the recording of defocus image sequences is 
routine; each defocus provides positive and negative phase contrast at 
various bands of spatial frequencies along with zeroes in the transfer 
function, and the combination of several images can provide a com-
plete image of the specimen (Reimer, 1984). In fl uorescence light 
microscopy, through-focus image sequences can yield a high quality 
3D image through the use of deconvolution of the 3D point spread 
function (Agard and Sedat, 1983; Carrington et al., 1995). However, 
there are important differences between these examples and the situ-
ation present in X-ray microscopy. In electron microscopy, this approach 
is usually applied to thin samples for which phase contrast dominates 
(indeed the specimen focus can be quickly estimated by looking for a 
minimum in image contrast). In light microscopy, the use of fl uores-
cence means that the object is a sparse, pure-real function (incoherent 
emission from independent fl uorescence emitters with no sensitivity 
to the relative phase of the illumination) so that the deconvolution can 
be done based on the intensity point spread function. While some form 
of generalized through-focus deconvolution may provide the needed 
breakthrough, quantitatively reliable results such as are needed for 
assembly into a tomographic reconstruction will have to account for 
the fact that biological specimens imaged at water-window energies 
produce both absorption and phase contrast so one will require exact 
knowledge of the complex bilinear transfer function of the zone plate 
optic and illumination system. In other words, the problem of 3D 
deconvolution of a strongly absorbing, optically thick, complex object 
with partial coherence is much more diffi cult than the cases in which 
optical sectioning is typically used at present.

3.4.6 Avoiding the Depth-of-Focus Limit by Use of Higher 
Energy X-Rays
The use of shorter wavelengths (higher X-ray energies) to increase the 
monochromatic depth of fi eld 8(∆rn)2/l is a guaranteed way to extend 
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the depth of focus. The associated questions of what will be the cost 
in resolution, contrast and effi ciency are also now beginning to be 
answered favorably. This approach has been used to obtain sub-100 nm 
resolution tomographic reconstructions of metallic layers within 
thinned integrated circuits using a laboratory X-ray microscope operat-
ing at 5.4 keV (Wang, 2002) as will be described in Section 4.3. For lower 
density specimens, the use of hard X-rays naturally leads to the use of 
phase contrast which is far more dose-effi cient than absortion contrast 
in this energy region. As shown in Figure 13–5, this enables multi-keV 
imaging at similar dose levels to the water window. As noted in Section 
3.3.7 there have already been quite successful demonstrations of phase 
contrast tomography using hard X-rays (Cloetens et al., 1999) in the 
past though not (to our knowledge) at the sub-100 nm resolution level 
accessible to zone plate microscopes. Now the group at NSRRC, Taiwan 
have recently used their 8 KeV phase-contrast TXM with a 50 nm zone 
plate to produce 3D images of a microcircuit with defects at 60 nm 
resolution (Yin et al., 2006) (see Sections 1.4 and 2.4.4).

3.4.7 Avoiding the Depth-of-Focus Limit by Lens-Free Imaging
The challenges of achieving the highest possible resolution in 3D 
imaging have led to the consideration of lens-free imaging. Of course 
crystallography is able to obtain exquisite 3D maps of the electron 
density of a unit cell in a crystal by interpretation of a tilt series of 
Bragg diffraction patterns. In the case of a noncrystalline specimen, 
one obtains a continuous rather than Bragg-sampled diffraction pattern 
but there has been considerable recent progress in obtaining X-ray 
images through the application of iterative phasing algorithms to dif-
fraction data from objects known to be limited in size (Miao et al., 
2002; Marchesini et al., 2003; Williams et al., 2003; Shapiro et al., 005; 
Chapman et al., 2006). At the moment the data collection time in 3D 
experiments of this type is 10–20 hours and 10 nm resolution images 
of materials-science samples in 3D and 30-nm-resolution images of 
biological specimens in 2D have been obtained. Moreover, a modern 
beam line designed specifi cally for this type of experiment would 
easily bring image acquisition times down to a convenient level. It is 
noteworthy that the phasing algorithms depend on use of the Born 
approximation which sets an upper limit to the sample size which may 
become signifi cant at low X-ray energies such as those in the water 
window.

3.5 X-Ray Spectromicroscopy

As noted in Section 1, X-ray absorption edges arise when the X-ray 
photon reaches the threshold energy needed to completely remove an 
electron from an inner-shell orbital. At photon energies within about 
10 eV of the edge, electrons can also be promoted to unoccupied or 
partially occupied molecular orbitals (see Figure 13–26); photons over 
a narrow energy range are sometimes able to excite inner-shell elec-
trons into such orbitals, giving rise to absorption resonances. This so-
called X-ray absorption near-edge structure (XANES) or near-edge 
X-ray absorption fi ne structure (NEXAFS) is highly sensitive to the 
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local chemical bonding state of the atom in question (Stöhr, 1992) (see 
Figure 13–26).

One can exploit these resonances as an additional contrast mecha-
nism in soft X-ray imaging. In electron energy loss spectroscopy (EELS), 
the equivalent contrast mechanism is known as ELNES for energy-
loss near-edge structure and its use in energy-loss spectrum imaging 
(Jeanguillaume and Colliex, 1989; Hunt and Williams, 1991) is described 
elsewhere in this volume. Early efforts in X-ray imaging included the 
use of XANES resonances to enhance the sensitivity of differential 
absorption measurements of calcium in bone (Kenney et al., 1985), 
spectral imaging (King et al., 1989) and microspectroscopy in photo-
electron microscopes (Harp et al., 1990), and photoelectron and trans-
mission imaging at selected photon energies (Ade et al., 1990b, 1992). 
It is now common to take image sequences across X-ray absorption 
edges (Jacobsen et al., 2000b) yielding data sets with a full near-edge 
spectrum per pixel. When comparing spectrum imaging in electron 
versus X-ray microscopes, a few comments are in order:

• ELNES is typically done using a fi xed electron energy in the range 
80–200 keV. The ideal specimen thickness is under 100 nm in most 
cases.

• In ELNES, one gets spectroscopic information over a wide range of 
energies, including plasmon energies of ∼10 eV, in a single measure-
ment. However, plural inelastic scattering dominates the signal at 
higher energies (for example, electrons can lose 300 eV once, or 50 eV 
six times, etc.) resulting in poorer signal-to-background.

• In X-ray absorption spectroscopy, one must tune the incident 
X-ray energy across each absorption edge of interest. The optimum 
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Figure 13–26. Schematic of an X-ray absorption edge, which involves the 
removal of an inner-shell electron, and a near-edge absorption resonance in 
which the electron is promoted to a partially occupied or vacant molecular 
orbital. These resonances are referred to as X-ray absorption near-edge struc-
ture (XANES) or near-edge X-ray absorption fi ne structure (NEXAFS).
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specimen thickness of about 1/µ(E) changes accordingly, so that in 
the ideal case one would require samples of several different thick-
nesses to study chemical speciation of several elements. However, 
X-rays suffer almost no plural inelastic scattering, which leads to 
improved signal-to-background.

• It is common to fi nd scanning X-ray microscopes operating with 
monochromators with an energy resolution of 0.1 eV or better. Most 
electron microscopes have an energy resolution of 0.5–0.7 eV which 
leads to “blurring” of near-edge spectral features, although a limited 
number of higher energy resolution systems are starting to become 
available.

• Using XANES, one can exploit the favorable characteristics of X-ray 
microscopes including the ability to study hydrated specimens and/
or specimens in an ambient atmosphere environment.

In X-ray microscopes, we obtain images (maps of transmitted fl ux I) 
according to the Lambert-Beer law for absorption: I = I0exp(−µt) where 
I0 is the incident X-ray fl ux, µ is an absorption coeffi cient for a specifi c 
material, as discussed in Section 1.1, and t is thickness of that material. 
The value of µ(E) for near-edge absorption resonances can be calcu-
lated based on the electronic structure of specifi c molecules, and this 
has been employed in detailed studies via microscopy of the absorp-
tion spectra of polymers (Urquhart and Ade, 2002; Dhez et al., 2003) 
and amino acids (Kaznacheyev et al., 2002) (see Figure 13–27), to name 
two recent examples.

For a thickness t of a single material, a measurement of the transmit-
ted fl ux I(E) relative to the incident fl ux I0(E) provides a means to cal-
culate the energy-dependent optical density D(E) = −ln(I(E)/I0(E)) = 
µ(E)t. If, however, we measure the optical density not over a continuous 
energy range E but at some set of n = 1  .  .  .  N discrete energies En, we 
then measure

 Dn = µnt

for each of the n = 1  .  .  .  N photon energies. Let us next consider a 
mixture of s = 1  .  .  .  S different materials with partial thicknesses ts; our 
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Figure 13–27. Near-carbon-edge absorption spectra of several amino acids, showing the effects of 
various molecular bonds in the absorption spectrum. These resonances can be used for chemical 
contrast in X-ray microscopy. (Reprinted from Kaznacheyev et al., © 2002, with permission from 
American Chemical Society.) (See color plate.)
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total measurement of optical density Dn at one photon energy is given 
by the combined absorption of all the materials, or

 Dn = µn1t1 + µn2t2 +  .  .  .  + µNStS.

Finally, if we carry out this measurement not from a single homoge-
neous uniform fi lm, but from heterogeneous pixels p = 1  .  .  .  P indexed 
by p = icolumn + (irow − 1) ⋅ (# columns) in an image, the optical density 
measured at one pixel p is given by

 Dnp = µn1t1p + µn2t2p +  .  .  .  + µnStSp.

When all N photon energies are considered, we see that we have a data 
matrix DNP of
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or DN×P = µN×S ⋅ tS×P. In other words the data represent a series of spectral 
signatures µN×S and thickness maps tS×P.

When we acquire a series of images at different photon energies N, 
we are in fact measuring the data matrix DN×P. If we know the exact 
absorption spectrum µNs for each of the s = 1  .  .  .  S components in the 
sample, then we can fi nd the spatially resolved thicknesses tS×P of the 
components by matrix inversion:

 tS×P = µ−1
S×N ⋅ DN×P

The inversion of the matrix of spectra from all known components 
µN×S can be accomplished in a robust fashion using singular value 
decomposition (Zhang et al., 1996; Koprinarov et al., 2002). This 
approach, as well as approaches which involve pixel-by-pixel least 
squares fi ts of all reference spectra, work well with specimens that 
involve mixtures of components that can all be measured separately. 
Examples using this approach are shown in the chemical imaging 
section of this chapter.

In many areas of research, such as biology or environmental science, 
the complexity of the specimen and the possibility of reactions between 
components means that one cannot know in advance the set of all 
absorption spectra µN×S present in the specimen. In this case, one 
approach that has yielded recent success is to fi rst use principal com-
ponent analysis (King et al., 1989; Osanna and Jacobsen, 2000) to 
orthogonalize and noise-reduce the data matrix DN×P, and then use 
cluster analysis (a method of unsupervised pattern recognition) to 
group pixels together based on similarity of spectral signatures (Lerotic 
et al., 2004, 2005) (see Figure 13–34 below). This method yields a set of 
absorption spectra µN×S where S now indexes the set of characteristic 
spectra found from the data. The power of this approach lies in its 
ability to improve the signal-to-noise of spectra of heterogeneous speci-
mens by averaging noncontiguous pixels, to fi nd even quite small 
regions with distinct spectroscopic signatures, and to deliver continu-
ous “thickness” maps based on the distribution of the discovered sig-
nature spectra.
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For studies at the carbon edge, one can characterize the observed set 
of near-edge resonances in terms of a limited number of functional 
group types (see e.g., Scheinost et al., 2001). While there are a number 
of open questions regarding this approach (for example, how many 
resonances should be used, with what range of allowed center photon 
energies, and what range of energy widths?), confi dence in it can be 
enhanced by correlation with other spectroscopies such as solid-state 
nuclear magnetic resonance (Scheinost et al., 2001; Schumacher et al., 
2005) and Fourier transform infrared (Solomon et al., 2005).

4 Applications

Two decades ago, nearly all research using X-ray microscopes was done 
by the groups that had developed the instruments. Today, most X-ray 
microscopes are operated as user facilities at synchrotron radiation 
research centers, and are used both by their developers but also by a 
wider community of scientists. As a result, while it was originally pos-
sible to see the major applications of X-ray microscopes in conference 
proceedings (Schmahl and Rudolph, 1984a; Sayre et al., 1988; Michette 
et al., 1992), papers in which X-ray microscopes were used to address 
the problem of interest now appear across a very wide array of scien-
tifi c journals. In what follows, we do not presume to be exhaustive in 
coverage of all research using X-ray microscopes; instead, we will 
briefl y highlight a few examples from some of the areas of present 
activity.

4.1 Biology

X-ray microscopes using zone plates and synchrotron radiation have 
been used for studies of biological specimens from the start (Niemann 
et al., 1976; Rarback et al., 1980), and a number of reviews have concen-
trated on biological applications of X-ray microscopes (see for example 
Kirz et al., 1995) for background information and older results, or 
Abraham-Peskir, (2000). One emphasis has been on high resolution 
imaging of whole cells at “water window” wavelengths (see Figure 
13–28), including studies of human sperm (Chantler and Abraham-
Peskir, 2004), malaria in red blood cells (Magowan et al., 1997), 
Kupffer cells (Scharf and Schneider, 1999) and COS cells 
(Yamamoto et al., 1998) from liver, protists (Abraham-Peskir, 1998), and 
chromosomes (Guttmann et al., 1992; Williams et al., 1993; Kinjo et al., 
1994) among other examples. As soft X-ray microscopes push to higher 
spatial resolution, views through whole cells will involve a great deal 
of overlap of structure, but several developments offer information 
beyond two-dimensional images with natural contrast. One of these is 
to use molecular labeling methods to tag specifi c proteins (such as is 
done with great success in visible light microscopy). Several groups 
have demonstrated the use of gold labeling in X-ray microscopes, 
including detection by dark fi eld (Chapman et al., 1996c) (see Figure 
13–29) and bright fi eld (Meyer-Ilse, 2001 et al.,; Vogt et al., 2001b) 
approaches. One of the challenges faced thus far is that the label must 
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be comparable in size to the resolution of the microscope for effi cient 
detection (Chapman et al., 1996c; Vogt et al., 2001a), which means that 
in all studies carried out thus far the cell membrane has been permea-
bilized by agents such as methanol to allow relatively large labels to 
reach the cell’s interior and this step must be preceded by chemical 
fi xation. As a result, future improvements in X-ray microscope reso-
lution will not only lead to improved visualization of unlabeled 

7 µm 2 µm

Figure 13–28. Whole fi broblast imaged in the frozen-hydrated state. The cell 
was cultured on a formvar-coated gold electron microscope grid, and rapidly 
frozen by plunging into liquid ethane. It was then imaged using a cryo STXM 
operated at 516 eV. In addition to this 2D image, 3D reconstructions were also 
obtained using tomography (Wang et al., 2000). (Reprinted from Maser et al., 
© 2000, with permission from Blackwell Publishing.)

Figure 13–29. Human fi broblast with immunogold labeling for tubulin. This 
is a composite of two images: a bright fi eld image (gray tones) to image overall 
mass, and a dark fi eld image (red tones) to selectively imaging the silver-
enhanced gold labels. This whole-mount cell was fi xed and then permeabo-
lized to allow for introduction of the immunogold labels, after which it was 
air dried. (From Chapman et al., © 1996b,c, courtesy of the Microscopy Society 
of America.) (See color plate.)
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ultrastructure but will also make it possible to use smaller immunola-
bels with more “natural” preparation protocols.

Another approach to exploit the characteristics of X-ray microscopes 
is to go beyond two-dimensional imaging. One approach is to use 
XANES spectromicroscopy for mapping chemical speciation in bacte-
ria and cells (Ito et al., 1996; Zhang et al., 1996; Lerotic et al., 2005) and 
biomaterials (Hitchcock et al., 2002) using the approaches outlined in 
Section 3.6 above. Another involves the use of tomography as has been 
discussed in Section 3.5. This was fi rst used to study algae in a thin 
capillary by Weiss et al. (2000) (Figure 13–30) and to study whole-
mount eukaryotic cells by Wang et al. (2000), followed by studies of 
yeast in capillaries (Larabell et al., 2004) (see Figure 13–31). In all of 
these cases, cells were studied in the frozen hydrated state for reasons 
that will be discussed in the following paragraph. A third approach 
beyond two-dimensional imaging is to use X-ray microscopes (Kenney 
et al., 1985; De Stasio et al., 1996; Buckley etal., 1997) or X-ray micro-
probes (Kawai et al., 2001; Ortega et al., 2003; Paunesku et al., 2003; 
Kemner et al., 2004; Behets et al., 2005; Wagner et al., 2005) to study 
elemental content and distribution in bacteria and cells, particularly in 
the case of calcium in bone and metals that regulate various biological 
activities.

When studying biological specimens, attention must be paid to the 
limitations set by radiation damage. Basic considerations of signal-to-
noise and absorption indicate that the radiation dose that is necessarily 
imparted for X-ray imaging at 50 nm or better resolution is in excess of 
106 Gray (Sayre et al., 1977a; Schneider, 1998). This is well in excess of 
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Figure 13–30. 3D rendering (left) and reconstruction slices (right) of the algae Chlamydomonas rein-
hardtii viewed by soft X-ray tomography at the BESSY I synchrotron. This alga was plunge-frozen in 
liquid ethane, and imaged over 180º rotation sequence. The reconstruction is given in terms of the 
quantitative linear absorption coeffi cient for 517 eV X-rays. (Reprinted from Wei et al., © 2000, with 
permission from Elsevier.) (See color plate.)
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the <10 Gray (1 Gray = 100 rad) dose that is lethal to humans when 
received over a short time interval. Studies of intially living cells have 
shown that doses of 106 Gray are at the approximate threshold for 
producing immediate changes in bacteria and are well above the dose 
needed to affect more complex cells in X-ray microscopy investigations 
(Gilbert et al., 1992; Pine and Gilbert, 1992; Bennett et al., 1993; Kirz 
et al., 1995). One of the main damage mechanisms is the creation of 
radiolytical free radicals in water. Some but not all chemically fi xed, 
hydrated biological specimens will show effects such as mass loss, 
shrinkage, and the loss of ultrastructural information at these radiation 
doses as well (Ford et al., 1992; Williams et al., 1993) (of course, chemi-
cal fi xation produces its own changes on many specimens (Coetzee 
and van der Merwe, 1984, 1989; Stead et al., 1992; O’Toole et al., 1993; 
Jearanaikoon and Abraham-Peskir, 2005). Fortunately, a ready solution 
was developed some years ago by electron microscopists: the use of 
rapidly frozen specimens in cryomicroscopy (Taylor and Glaeser, 1976; 
Steinbrecht and Zierold, 1987; Echlin, 1992). In X-ray microscopes, 
frozen hydrated biological specimens have been shown (Schneider, 
1998; Maser et al., 2000) to be well preserved and free of easily visible 
structural changes and mass loss at radiation doses up to about 1010 
Gray thus providing the required conditions for a variety of biological 
studies. The situation for spectroscopy is not yet so clear; cryo methods 
have been shown to be less effective in preserving XANES resonances 
in dry polymers (Beetz and Jacobsen, 2003) but they may be more 
advantageous in studies of frozen hydrated organic specimens due 
to the inactivation of the diffusion of free radicals (“cage” effect) 
(Schneider, 1998).

0.5 µm

Figure 13–31. Single projection image (left) and slice from a tomographic 
reconstruction (right) of a frozen hydrated yeast Saccharomyces cerevisiae. A 
number of cells were loaded into a thin-walled, 10 µm diameter glass capillary 
and rapidly frozen using a jet of helium gas cooled by liquid nitrogen. A series 
of 45 images through a 180º tilt range was then acquired using the XM-1 TXM 
at the Advanced Light Source. This illustrates the ability of soft X-ray tomog-
raphy to image the interior detail of cells rapidly frozen from a living state. 
(From Larabell et al., 2004. Reprinted from Molecular Biology of the Cell, with 
permission of the American Society for Cell Biology.)
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4.2 Environmental Science

Environmental science using synchrotron radiation is a broad topic, as 
discussed in a recent review (Brown, 2002); we point out here just a 
few examples using X-ray microscopes.

By placing microliter drops between two silicon nitride windows 
which are then drawn together by surface tension and some sort of 
seal, it is straightforward to make a specimen chamber with microme-
ter-thick water layers and study samples wet and at room temperature 
(Neuhäusler et al., 2000) (see Figure 13–32). Using this approach, one 
can use soft X-ray spectromicroscopy to study the role of bacteria and 
their biofi lms in changing the reduction/oxidation state or sequestra-
tion of various elements in the environment (Lawrence et al., 2003; 
Yoon et al., 2004; Hitchcock et al., 2005) (see Figure 13–33), the growth 
of crystaline materials (Chan etal., 2004), and other geochemical reac-
tions (Myneni et al., 1997; Tonner et al., 1999; Pecher et al., 2003). Spec-
tromicroscopy at the carbon edge can be used to study a variety of 
organic processes, ranging from the diagenetic breakdown of organic 
material over geological timescales and its presence and preservation 
in fossilized plants and wood (Cody, 2000; Boyce et al., 2002, 2004) and 
coals (Botto et al., 1994; Cody et al., 1995), and the role of natural 
organic matter in the properties of soils (Thieme et al., 1994; Thieme 
and Niemeyer, 1998a; Scheinost et al., 2001; Schäfer et al., 2003; Solomon 
et al., 2005) including its role in the groundwater transport of radionu-
clides (Schäfer et al., 2005) (see Figure 13–34). Tomography has also 
been used to study bacterial “microhabitats” (Thieme et al., 2003). 
Other studies have considered the functional groups present in the 
soot produced by combustion in diesel engines (Braun et al., 2004).

The trace element mapping capabilities of X-ray microprobes are also 
very useful for studies in environmental science. Low concentration of 
iron sets a biotic limit to carbon uptake in the southern Pacifi c; Twining 
et al. (2003) have used microprobe studies to investigate this on a cell-
by-cell basis (see Figure 13–35) since bulk chemistry measurements do 
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Figure 13–32. Images of a colloidal chemistry sample consisting of oil in water with clays and 
calcium-rich layered double hydroxides used to “cage” the oil droplet where present (left and bottom 
edges of the droplet). This illustrates the ability to highlight various elemental components in a room 
temperature wet specimen. (Courtesy of Neuhäusler, 1999.)
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Figure 13–33. Quantitative chemical maps of protein, K+, lipids, and polysaccharides from a wet 
microbial colony from the South Saskatchewan river, derived from STXM images (880 × 880 pixels) 
and image sequences (52 energies, 230 × 230 pixels). The spatial distributions of the various chemical 
species are determined by fi tting the spectra from each pixel with a linear combination of the absorp-
tion spectra of the constituents. X-ray absorption spectra in the C 1 s region are shown for CaCO3, K+, 
silicate, lipid, polysaccharides, and protein. The spectrum of CaCO3 is from pure material. Those of 
the other fi ve species are derived from the C 1 s image sequence recorded from this biofi lm using pixel 
identifi cation and (for lipid, polysaccharides) spectral subtractions based on fi ts of the image sequence 
to the spectra of pure reference materials. (Courtesy A.P. Hitchcock, McMaster University.)

not allow one to differentiate between protist types and particulate 
matter at the same size scale. Other studies using zone plate micro-
probes have concentrated on the speciation of metals near the roots of 
healthy and diseased plants (Yun et al., 1998b), the presence of metals 
in soil bacteria (Kemner et al., 2004), sulfur speciation in bacteria 
(Labrenz et al., 2000), in natural silicate glasses (Bonnin-Mosbah et al., 
2002), and in microbial fi laments (Foriel et al., 2004), and elemental 
concentrations in atmospheric particles (Ma et al., 2004). These repre-
sent only early examples, as the number of projects being carried out 
using zone plate microprobes is increasing rapidly.

4.3 Materials Science

Applications of X-ray microscopes to material science include four 
broad categories of study: chemical state mapping in polymer systems 
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Figure 13–34. Cluster analysis in a spectromicroscopy study of lutetium in hematite. Lutetium is 
serving as a homologue to americium in an investigation of the uptake and transport of nuclear waste 
products in groundwater colloids. By using a pattern recognition algorithm to search for pixels with 
spectroscopic similarities, a set of signature spectra is automatically recovered from the data (shown 
here in a color-coded classifi cation map) and thickness maps can be formed based on these signature 
spectra. Analysis at the oxygen edge reveals two different phases of reactivity for lutetium with hema-
tite. Analysis by Lerotic (2004), from a study by T. Schäfer, INE Karlsruhe. (See color plate.)
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Figure 13–35. Visible light and epifl uorescence micrographs, and false color 
X-ray fl uorescence element maps of a centric diatom collected from the south-
ern Pacifi c. In this region of the ocean, iron availability is a biolimiter with an 
impact on oceanic uptake of carbon dioxide from the atmosphere. X-ray micro-
probes allow one to study iron content on a protist-specifi c basis. (Reprinted 
from Twining et al., © 2003, with permission from American Chemical Society.) 
(See color plate.)

using spectromicroscopy, imaging of the structure and electromigra-
tion failure of integrated circuits, measurements of strain in crystalline 
materials using microdiffraction, and studies of surface properties 
using photoelectrons. Studies of polymer systems represent one of the 
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fi rst uses of zone plate spectromicroscopy (Ade, 1992) (see Figure 
13–36), and subsequent work has ranged from exploring fundamental 
questions such as confi nement-induced miscibility (Zhu et al., 1999) to 
studies of specifi c industrially useful materials using both absorption 
contrast (Smith et al., 2001; Rightor et al., 2002; Hitchcock et al., 2003; 
Croll et al., 2005) and linear dichroism (Ade an dHsiao, 1993). Other 
studies have measured the degree to which polymers can seep into 
wood at the cellular level in particleboard (Buckley et al., 2002). These 
represent only a few examples; a much wider survey is given in recent 
reviews (Ade, 1998; Urquhart et al., 1999).

Modern integrated circuits are incredibly intricate, with oxidation 
layers sometimes only a few molecular layers thick, and metallization 
planes and vias which connect them, having dimensions in the 100 nm 
range. The ability of X-ray microscopes to image thick specimens (espe-
cially using phase contrast at higher energies; see Figure 13–37) is well 
suited to studies of the properties and failure modes of such circuits. 
As one example, Schneider et al. (2002b, 2002c, 2003) have studied 
electromigration failures as they take place, leading to observations of 
the propagation of voids from the point of their original formation (see 
Figures 13–38 and 13–39), while Levine et al. have done tomographic 
imaging of electromigration voids using a STXM (Levine et al., 2000). 
For industrial applications of chip inspection, a very signifi cant devel-
opment has been the recent commercial availability (Xradia, Inc.) of 
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Figure 13–36. One of the fi rst applications of X-ray transmission spectromi-
croscopy was to the study of polymers, where the chemical selectivity of near-
edge absorption resonances allows one to make maps based on XANES 
spectral signatures. In this example, polymethylmethacrylate (PMMA) was 
spun cast with polystyrene (PS) before annealing, giving rise to phase segrega-
tion. Images acquired at specifi c absorption resonances show very different 
contrast and can be used to form compositional maps of the polymers. (Cour-
tesy of D.A. Winest, NCSU.)
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laboratory-based tomography systems using zone plate optics and 
operating at a suffi ciently high energy (5.4 keV) so as to allow tomo-
graphic data sets to be acquired and reconstructed; this allows one 
to study various metallization layers in intact, working chips (Wang 
et al., 2002) (see Figure 13–40).

Another way in which zone plate X-ray microscopes are used to 
study material properties is through microdiffraction, where one 

Figure 13–37. Interferometric TXM imaging of polystyrenes at 9 KeV. In these experiments, a hard X-
ray micro-interferometer has been constructed by using two overlying objective zone plates with a 
slight transverse offset to produce an interferometric fringe pattern as shown in (b). Compared to the 
single-objective image (a), interference fringes with a visibility of as high as 60% can clearly be seen. 
Analysis of the interferometric image (b) is then used to obtain the quantitative contrast image of the 
polystyrene spheres shown in (c). This example shows how low absorption contrast objects can be 
imaged in hard X-ray microscopes. (Courtesy of T. Koyama, Himeji Institute of Technology.)

Figure 13–38. Zernike phase contrast provides one means to image the metallic layers of integrated 
circuits in regions where the underlying silicon wafer has been thinned. A common failure mode in 
integrated circuits is electromigration in which voids in a conducting layer or via are formed. These 
images obtained using a TXM operating at 4 keV at the European Synchrotron Radiation Research 
Facility or ESRF, show what appear to be such voids (circles) within test structures for advanced 
microprocessors. (Reprinted from Schneider et al., © 2003, with permission from Elsevier.)
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Figure 13–39. In studies of integrated circuits, it is often important to study changes in metallization 
from layer-to-layer by imaging in cross section. In this example, a focused ion beam (FIB) system was 
used to prepare a thinned, fully passivated cross section of copper interconnect structures within an 
electrically functional test structure as shown in the two scanning electron micrographs at top. A soft 
X-ray TXM at the BESSY II synchrotron facility in Berlin was then used to image this cross section at 
525.5 eV (left) and 700.5 eV (right) to highlight different metal and dielectric layers in the chip, with 
features as fi ne as 20 nm visible. (Courtesy of G. Schneider, BESSY.)

Figure 13–40. Tomographic imaging of an integrated circuit done with a com-
mercial laboratory X-ray microscope (Xradia). An integrated circuit had the 
silicon wafer underneath a region of interest thinned to about 15 µm, after 
which a tilt series of TXM images was acquired over 8 hours using a rotating 
anode source operation at 5.4 keV. The fi gure shows slices extracted at depths 
corresponding to the center of three Cu interconnect layers in the tomographic 
reconstruction with an estimated resolution of 60 nm in the transverse dimen-
sion and 90 nm in depth. This system can be used for chip inspection at a chip 
fab plant, among other applications. (Courtesy W. Yun, Xradia.)
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examines not the undeviated transmission image through the speci-
men, but the signal that is Bragg diffracted (usually in the Laue geom-
etry) by specifi c crystalline regions within the specimen (see for 
example (Engström et al., 1995)). Measurement of the position of the 
Bragg peaks can give values of the local lattice constants so that repeti-
tion of the measurement over a grid of points provides a strain map of 
the sample. This has been applied to optoelectronic devices (Cai et al., 
1999), magnetic domain evolution (Evans et al., 2002) as well as for 
examination of the strain at the midpoint and edges of mesoscopic 
structures (Murray et al., 2005) (see Figure 13–41).

Since photoelectrons emerge only from within the top 100 nm or so 
of a bulk specimen, methods that use photoelectron detection are ideal 
for studies of surface phenomena. Photoelectron emission microscopes 
using X-ray illumination of a broad area and sub-30 nm resolution 
electron optics are beyond the scope of our concentration on zone plate 
microscopes, though we note that they are used with great success and 
at very high spatial resolution (see Figure 13–42). Another type of 
photoelectron microscope is a Scanning PhotoEmission Microscope or 
SPEM using a zone plate to produce a fi ne focus and an electron spec-
trometer for signal detection (Ade et al., 1990b; Ko et al., 1998; Yi et al., 
2005) (see Fig. 43); activities in this area were recently reviewed by 
Günther et al. (2002).
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Figure 13–41. In X-ray microdiffraction, a detector is set to collect diffraction 
from small, crystalline features of the specimen that can be selectively illumi-
nated by the microfocus beam. Local variations from perfect crystal order are 
seen as changes in the width or angle of the diffraction peaks. In this example, 
a 20 µm wide, 0.24 µm thick Si0.86Ge0.14 pseudomorphically strained fi lm is 
located on a Si [001] surface. A determination of the angle of the SiGe [008] 
diffraction peak as a function of position on the sample reveals elastic relax-
ation at the free edges of the SiGe feature, and demonstrates the ability of a 
zone-plate STXM to study the strain distribution of patterned microstructures. 
(Reprinted from Murray et al., © 2005, with permission from American Insti-
tute of Physics.) (See color plate.)
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4.4 Magnetic Materials

X-ray magnetic circular dichroism (XMCD) exploits changes in absorp-
tion due to the relative orientation of magnetic domains and incident 
circularly polarized radiation. It draws upon the fact that in magnetic 
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Figure 13–42. In Electron Spectroscopy for Chemical Analysis or ESCA microscopy, a monochromatic 
beam is used to illuminate a region several micrometers across; electron optics are then used to image 
a tunable electron ejection energy to reveal surface chemistry. Though this does not involve zone plate 
imaging, we include it here due to its widespread use with tunable X rays. In this case a 90-nm resolu-
tion ESCA microscope was used to locate aligned MoS2 nanotube bundles and select certain areas 
along the axes of the tubes for detailed examination. The image at left was acquired using Mo 3d 
electrons, while S 2p, Mo 3d, and valence band spectra taken at the tips and sidewalls and the growth 
base from the Si wafer appear strongly affected by the low dimensionality of the nanotubes and 
differ signifi cantly from the corresponding spectra taken on a reference MoS2 crystal. (Reprinted from 
Kiskinova et al., © 2003, with permission of EDP Sciences.)
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Figure 13–43. Scanning photoemission microscope (SPEM) study of a plasma display cell. In this micro-
scope the specimen is scanned through the zone plate focus while photoelectrons are collected by an elec-
tron spectrometer. This fi gure shows a SPEM image, a scanning electron micrograph, and photoelectron 
spectra from several regions of the sample. In a plasma display cell, light of the appropriate color emerges 
through a front glass window which is protected from plasma damage by a composite insulating layer 
including MgO. The photoelectron spectra show aging in the Mg(OH)2 component of the layer over the 
life of the display cell. (Reprinted from Yi et al., © 2005, with permission from the Institute of Pure and 
Applied Physics.) (See color plate.)
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materials the density of certain electronic states is different for elec-
trons of spin parallel to the magnetization, compared to electrons of 
spin anti-parallel. The absorption of circularly polarized photons 
selects between electron spins, and depends on the component of spin 
parallel to the helicity of the photon (the direction of the photon beam). 
Images taken with a particular polarization of the illumination beam, 
at saturated magnetization states, or at L2 versus L3 absorption edges 
can by themselves show magnetic contrast effects, while difference 
images between two polarization states at an absorption edge can be 
used to obtain element-specifi c images of magnetic contrast only. While 
much work has been done using photoemission microscopes (Stöhr 
et al., 1993) and there are recent exciting results using X-ray holography 
(Eisebitt et al., 2004), zone plate microscopy provides two primary 
approaches. One method is to use a TXM with a large-angle-collection 
condenser zone plate and exploit the fact that the radiation from syn-
chrotron bending magnet sources is circularly polarized above and 
below the synchrotron plane; this was the fi rst method demonstrated 
(Fischer et al., 1996) and it has led to considerable success for the study 
of out-of-specimen-plane magnetism (Fischer et al., 2001a) (see Figure 
13–44) and has recently been extended to the study of in-specimen-
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Figure 13–44. X-ray magnetic circular dichroism (XMCD) images of the magnetic domain structure 
of a 50-nm thick (Co83Cr17)87Pt13 alloy fi lm recorded at the Co L3 absorption edge (777 eV) and in an 
external fi eld of (a) +400 Oe, (b) 0 Oe, and (c) −400 Oe. (d) M vs. H hysteresis loop obtained via VSM 
measurement. The arrows indicate the point in the reversal cycle at which each image is recorded. 
Domain structure is apparent as the magnetization of the fi lm is driven around the hysteresis loop 
and the net magnetization reversal can be seen to be the average of the reversal of individual domains, 
with the number of reversed domains increasing as the strength of the applied fi eld is increased. 
(Reprinted from Im et al., © 2003, with permission from American Institute of Physics.)
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plane magnetic structure as well (Fischer et al., 2001b). Another more 
recent approach is to use a STXM with a variable polarization undula-
tor source. In either case, the pulsed nature of synchrotron radiation 
from electron bunches means that one can cycle an applied magnetic 
fi eld in synchrony with the arrival of short (∼100 psec) pulses of X-rays, 
and thereby accumulate images corresponding to controlled time 
delays before and after application of the pulsed fi eld (Stoll et al., 2004) 
(see Figure 13–45). A more extended discussion of magnetic contrast 
X-ray microscopy is provided in a recent review by Fischer (Fischer, 
2003).

5 Conclusion

In this chapter, we have outlined some of the principles and character-
istics of X-ray microscopes using zone plate optics, and have attempted 
to convey an incomplete but representative survey of their applications 
in scientifi c studies. We have seen that the resolution and effi ciency of 

(a)

(b)

∆t=-400 ps ∆t=+400 ps ∆t=+500 ps ∆t=+600 ps ∆t=+800 ps

∆t=+900 ps ∆t=+1000 ps ∆t=+1200 ps ∆t=+2000 ps ∆t=+2400 ps

Figure 13–45. Time-resolved XMCD imaging of a magnetized Ni-Fe fi lm patch as the magnetization 
is reversed in an applied magnetic fi eld. a) The z-component of the dynamic magnetization at selected 
time delays obtained from micro-magnetic simulations (OOMMF). b) XMCD images from the XM-1 
TXM taken with various time delays between the application of the pulsed magnetic fi eld and the 
arrival of radiation from electron bunches in the storage ring. By integrating over many bunches with 
a particular time delay, one can study the temporal evolution of the z-component of the magnetization 
at delay times varying from probe pulse 400 ps before the pump, up to 2400 ps after the pump. 
(Reprinted from Stoll et al., © 2004, with permission from American Institute of Physics.)
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zone plates has improved considerably over the lifetime of the fi eld, 
although, in spite of constant efforts and the application of the best 
technology, the rate of improvement has been slow. For some time the 
“Moore’s Law” graph for zone plate resolution has had a slope of about 
a factor of two per decade. However, as we have seen, this area of 
development has been especially active in recent times. There is now 
some optimism that the 10 nm barrier may be broken and the present 
art is nowhere close to hitting fundamental limits. Resolution is not 
the whole story, however; many applications are combining imaging 
with tilt of the specimen for tomography, with energy tunability for 
spectromicroscopy, and with fl uorescence detection for elemental iden-
tifi cation. These represent the application of zone plate optics to extend 
the boundaries of previously existing techniques with active communi-
ties, so these areas are likely to expand. Another general trend of the 
last few years has been the growth in hard X-ray applications of zone 
plate imaging. This has been especially benefi cial for tomography and 
microanalysis and, as recent experiments have shown, the use of hard 
X-ray zone plates in high order may soon approach the best resolution 
of soft X-ray zone plates in fi rst order. At the time of this writing 
it seems that technical developments in X-ray microscopy and its 
marriage with promising application areas is happening at an ever-
increasing pace and we can now forecast that these activities have a 
bright future with more confi dence than ever before.
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1 Introduction

The quest toward understanding the behavior of condensed matter has 
relied on measuring structure, bonding, and properties at increasingly 
local levels. This has driven advances in techniques that probe both 
soft and hard materials directly as well as indirectly. Many of these 
advances are described in other chapters of this volume. While struc-
ture and bonding-based probes have accessed molecular and atomic 
scales for decades, local determination of properties has been elusive. 
The emergence of scanning probes fi lled this gap to some extent.

There are three major classes of scanning probe techniques that 
access electronic, magnetic, optical, and mechanical properties. Scan-
ning tunneling microscopy (STM) was the fi rst and is based on electrons 
tunneling between a metal tip and a sample. The distance sensitivity 
of tunneling imparts intrinsically high spatial resolution and the 
voltage dependence yields local density of states. It is, however, appli-
cable only to conducting materials. Another class of techniques is 
based on local optical responses induced and/or detected with a very 
fi ne optical fi ber. These techniques, e.g., near fi eld optical microscopy, fi nd 
extensive application in organic and biological systems.

The focus of this chapter will be those probes that exploit the interac-
tions of a small tip with a surface that are detected via the properties 
of a cantilever to which the tip is attached. The original cantilever 
probe, atomic force microscopy (AFM), is based on van der Waals interac-
tions at the tip/surface junction. As a cantilever is mechanically oscil-
lated near its resonant frequency (usually 10–500 kHz) and, at relatively 
small sample-tip separations (usually 0.5–100 nm), the van der Waals 
interaction causes a force that alters the oscillation. Cantilever motion 
is detected with laser refl ection into a photodiode. If this measurement 
is made at every point as the tip is scanned across a surface, and a 
signal is used to maintain a profi le at constant force, the topographic 
structure of the surface is mapped. It was almost immediately under-
stood that other interactions can be detected with this scheme and, 
furthermore, that these interactions might be distinguished by their 



930 M.P. Nikiforov and D.A. Bonnell

distance dependence. For example, at a 10-nm sample/tip separation 
the van der Waals interactions can be used to determine the topo-
graphic structure, while at 200 nm an electrostatic force (EFM) or mag-
netic force (MFM) would dominate the measurement.

The utility of local probes is illustrated by the fact that even though 
the fi eld is relatively young, upward of 2700 papers per year are pub-
lished that cite “AFM or STM” as a key word.1 Several monographs have 
summarized the state of this fi eld and various books are available that 
provide an introduction to the fi eld and general overviews.2–5 Most 
applications utilize SPM as a straightforward qualitative mapping tool. 
Some researchers interested in complex behavior of solids have exam-
ined fundamental tip–surface interactions and extended SPM to probe 
local electronic transport, dielectric, ferroelectric, and magnetic proper-
ties. Rather than address conventional STM, AFM, MFM, or EFM, this 
chapter will describe recent advances in nanometer probes of complex 
properties, highlighting potential insight, as well as remaining chal-
lenges. First, factors leading to atomic resolution imaging based on 
forces will be described along with some example applications. This is 
followed by summaries of approaches to probe spatially localized elec-
trical and dielectric properties. Finally we will present of view of where 
this segment of the fi eld is headed.

2 Imaging at Atomic Resolution with Force Interactions

There are a number of so-called “imaging modes” in AFM based on 
various combinations of force detection and feedback mechanism. Con-
fusion can arise since there is no universal naming convention among 
microscope suppliers. Generally the cantilever is oscillating. From a 
fundamental perspective the force regimes categorize three imaging 
modes: contact AFM [the tip applies a small force (1–10 nN) normal to 
the surface of the sample], intermittent contact AFM (the oscillating 
cantilever tip is brought close to the sample so that it barely hits, or 
“taps” the sample at the bottom of the excursion), and noncontact AFM 
(the tip never contacts the surface). Superimposed upon this scheme are 
the tip responses that can be monitored to detect the tip–surface interac-
tion: oscillation amplitude, frequency, or phase. The instrument confi g-
urations are illustrated in Figure 14–1. Atomic resolution imaging 
can be achieved in conventional AFM in contact mode for some 
materials and in noncontact mode under certain conditions. The latter 
is a relatively recent advance and offers the potential to investi-
gate materials properties at the atomic scale, which is of importance 
not only from a fundamental, but also from a technological, point of 
view.

2.1 Operational Principles of Noncontact Atomic Force Microscopy

Noncontact atomic force microscopy (NC-AFM) is the general name for 
the group of techniques in which the tip of the cantilever oscillates in 
close proximity to the surface but never makes contact. Several review 
articles present details of imaging mechanisms, which we summarize 
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here.6–8 It should be noted that only specifi c types of NC-AFM (fre-
quency modulated NC-AFM) achieve atomic resolution for the simple 
reason that the interactions between the sample and tip, i.e., long-range 
van der Waals and electrostatic forces, are power law functions of order 
2. This is not suffi ciently sensitive to track distances of fractions of 
angstroms. If, however, the geometry is confi gured such that the tip 
experiences short-range van der Waals and/or bonding interactions 
during a substantial part of the cantilever oscillation, sensitivity is 
enhanced. In this situation the local force between the sample and tip 
is the sum of the electrostatic, Felec, van der Waals, FvdW, and bonding 
Fbonding:

 Ftot = Felec + FvdW + Fbonding

Figure 14–2 illustrates the range over which these forces operate 
based on the following estimations/assumptions.
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where qsurf is the electrostatic charge accumulated on the surface, qtip is 
the electrostatic charge accumulated on the tip apex, ε0 is the dielectric 
constant of the vacuum, r is the distance from the tip apex to the 
surface, C is the capacitance between the tip and surface, V is the elec-
trostatic potential difference between the tip and surface, A is the 
Hamaker constant, and R is the tip radius.

Figure 14–1. Basic block diagram for surface imaging with the NC-AFM. Varying one of the oscillation 
parameters and maintaining the others constant leads to the different NC-AFM techniques described 
in the text.
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Short-range forces play a signifi cant role for separations less then 
10 nm. For an illustration of the magnitude of the various forces we 
consider two types of short-range interactions: van der Waals and 
covalent bonding. The nature of short-range van der Waals forces is 
dipole–dipole interactions, which can be approximated by a Lenard–
Jones potential.
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where Ebond is the equilibrium bond energy (usual values 0.1–0.005 eV) 
and req is the equilibrium distance between atoms (usual values 1–3 Å). 
A fair approximation for covalent bonding is the Morse potential. Lim 
showed that the Morse potential could be written as a function of two 
parameters (Ebond, req):9
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The typical parameters used in these calculations are req = 0.8 Å and 
Ebond = 1 eV for the Morse min and req = 2 Å and Ebond = 10 eV for the 
Morse max.

Figure 14–2. Distance dependencies of short- and long-range forces. Forces acting between the tip 
and surface during AFM operation in the noncontact mode are estimated.
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Figure 14–2 shows that Felectrost, Fcapacitance, and FvdW (large-range forces) 
are attractive for any tip–surface distances. At the same time short-
range van der Waals forces and covalent forces (Morse potential) are 
attractive at large distances and repulsive at small distances. The repul-
sive part of the interactions is shaded with light gray for van der Waals 
forces and with dark gray for Morse forces in Figure 14–2. Although 
these considerations are based on rather simple approximations, Figure 
14–2 illustrates that for short-range interactions to be the same order of 
magnitude as long-range interactions, a requirement for high resolu-
tion, oscillations should be within tens of nanometers of the surface.

Despite the fact that relatively simple theories qualitatively explain 
experimental results, a complete self-consistent theory that relates con-
trast to atomic structure has not been developed. Hofer et al.8 con-
cluded that although consistent methods for simulating the basic 
aspects of scanning probe microscopy (SPM) exist, no model can repro-
duce all features of the experimental tip–surface interaction. Each 
model depends crucially on a set of assumptions, which is for scanning 
probe microscopy in general:

1. The ground-state properties of a system are equal to the properties 
at fi nite temperature (e.g., in an ambient environment).

2. There is a hierarchy of interactions that allows the separation of different 
effects in the theo retical models (no inclusion of, for example, cumulative 
or time-dependent interactions).

For scanning tunneling microscopy specifi cally:

1. Macroscopic interactions do not affect the tunneling current.
2. The resistance in the STM circuit is due only to the tunnel barrier.
3. The current cross section is centered at the apex atom of the tip.
4. Current fl ow does not change the properties of a system.

The last point has recently been analyzed by Todorov et al.,10 who 
found that the current fl ow slightly changes the position of the surface 
atoms.

For scanning force microscopy (SFM) specifi cally:

1. Charge transfer between the tip and surface is not a signifi cant 
component of the interactions for an insulating surface.

2. The effects of the system electronics, such as apparent dissipa-
tion,6,11,12 do not affect the physics of the tip–surface interaction.

There has been one study, the adsorption of formate ions on TiO2 
(110),13 in which a chemical force model was used to establish chemical 
identifi cation fairly conclusively. Theoretical interpretation of STM 
images helped to interpret noncontact AFM images of the same surface. 
Recent STM and noncontact (NC)-SFM theoretical modeling14 has con-
fi rmed the original experimental interpretation. Thus, the combined 
use of STM and AFM can resolve issues of contrast interpretation; 
however, by the nature of STM it is limited to surfaces that can be made 
to conduct. Further development of the theory of scanning force micro-
scopy is needed.
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2.2 NC-AFM Techniques

Mechanical oscillations of the cantilever lie at the heart of NC-AFM. 
Forces acting between the tip and surface change the oscillation param-
eters and these parameters are sensitive to atomic scale resolution. 
During operation three sets of parameters play the most important 
roles: cantilever-related (spring constant of the cantilever, the eigenfre-
quency of the cantilever, the quality factor of the cantilever), oscilla-
tion-related (amplitude, frequency shift), and image-related (either 
constant separation or constant height operation mode) parameters. 
Cantilever-related parameters are predetermined by the tip and are not 
variable during scanning. Changes in the other parameters result in 
different AFM techniques, as shown in Table 14–1. It should be noted 
that NC-AFM experiments are usually carried out in high vacuum or 
in liquid to avoid water condensation between the tip and surface.

2.2.1 Amplitude-Modulated AFM (AM-AFM)
As the name implies, in AM-AFM the amplitude of the tip oscillation 
is monitored while frequency shift and separation are kept constant 
by feedback. Usually AM-AFM is done at the resonant frequency of 
the cantilever; since this is the maximum oscillation amplitude. This 
mode is analogous to constant current STM, despite the difference in 
the physics of image formation. To date, atomic resolution has not been 
reported using this technique even on atomically smooth surfaces. A 
possible explanation is that the sensitivity is low because the amplitude 
depends on the tip–surface force averaged over the oscillation cycle 
[Eq. (1)].15
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where 〈Fts〉 is the average force over the oscillation cycle and F0 is the 
driving force. According to Eq. (1) AM-AFM senses the change of 
average force over the oscillation cycle at constant separation. The 
typical driving force might be estimated as F0 ∼ kA0 ∼ 10 N/m 50 nm = 
5 × 10−7 N. The change in average force that produces atomic resolution 
is usually on the order of 10−8–10−10 N. Thus, the smaller the oscillation 
amplitude, the better the tip “senses” the surface because of the decrease 
in F0. To achieve atomic resolution (vertical ∼0.01 nm and lateral ∼0.1 nm) 
the oscillation amplitude must be kept on the order of 1–10 nm. Small 
oscillation amplitude can be achieved either by decreasing the driving 
force or increasing the spring constant. A decrease of driving force 

Table 14–1. Operational modes in noncontact AFM.
 Amplitude of tip Frequency shift of Tip–surface
 oscillations tip oscillations separation

AM-AFM Monitored (varied) Constant Constant

FM-AFM (1) Constant Monitored (varied) Constant

FM-AFM (2) Constant Constant Monitored (varied)
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leads to a decrease in the oscillation stability. A substantial increase of 
the spring constant is not easy due to manufacturing issues. At this 
time silicon cantilevers with spring constants from 0.1 to 100 N/m are 
on the market.

With spatial resolution on the order of ∼2 nm, AM-AFM is ideal for 
many biological applications. In addition, the relatively small force 
minimizes destructive imaging of soft samples.16 Figure 14–3 illustrates 
AM-AFM on a purple membrane of Halobacterium salinarum stain 
ET1001, isolated as described in Oesterhelt and Stoekenius17 and imaged 
in 300 mM KCl, pH 7.8, 10 mM Tris-HCl. The authors observed the 
topography of the extracellular purple membrane surface, which exhib-
its a trimeric structure protruding 0.4 ± 0.1 nm above a lipid bilayer. 
The trimers are arranged in a trigonal lattice of 6.2 ± 0.2 nm length. In 
this experiment high lateral resolution (1.1–1.2 nm) was achieved. More 
examples of biological application AM-AFM are found in a recent 
review,6 which also describes the detailed theory of AM-AFM.

Similar resolution has been demonstrated on inorganic surfaces. 
Resolution close to atomic level was demonstrated on calcite with a 
modifi ed AM-AFM technique. F.M. Ohnesorge18,19 operated the micro-
scope in the separation region close to that for snap-into-contact insta-
bility. In this region feedback with an inverted sign provides reasonably 
stable images of high resolution.

2.2.2 Frequency-Modulated AFM (FM-AFM)
There are two FM-AFM techniques (FM-AFM(1) and FM-AFM(2) in 
Table 14–1). For these two techniques the oscillation amplitude is con-
stant and either the frequency shift of oscillation (in constant height 

Figure 14–3. AM-AFM topographic image of the extracellular purple mem-
brane surface in buffer solution. The scale mark is 10 nm. [Courtesy of Moller 
et al. Reprinted with permission from Biophysical Journal, 77(2), 1150–1158, 
1999.]
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mode) or the change in piezo movement (in constant force gradient 
mode) is varied. Atomic resolution was obtained almost simultane-
ously by Kitamura and Iwatsuki and Giessibl in 1995 using FM-AFM. 
Both groups operated the microscope in constant force gradient mode. 
The difference in the approaches was in the cantilever excitation: 
Kitamura and Iwatsuki used constant excitation mode and Giessibl 
used an automatic gain control of the excitation signal to maintain 
constant oscillation amplitude. Figure 14–4 shows one of the fi rst 
images of the (7 × 7) reconstruction on silicon (111) obtained by 
Kitamura and Iwatsuki. The authors noted that in this early attempt 
the image stability is poor, but subsequent improvement in the 
frequency stability of the demodulator resulted in routine high-quality 
imaging of this surface. At this point the (7 × 7) reconstruction on 
silicon (111) has become a standard for NC-AFM calibration. From a 
practical perspective the quality of an NC-AFM image depends not 
only on the surface quality, but also on the quality of tip. Tips sputtered 
with an ion gun often provide the best results.

Note that an FM-AFM image is not only an aesthetically pleasing 
image, it is a quantitative description of tip–surface interactions, hence, 
mathematical modeling of these interactions is often required to inter-
pret the image contrast. The basic equation for image formation is: 
∆ f(zc) = ( f0/2k)kts(zc), where ∆ f is the frequency shift, zc is the lift height, 
f0 is the base frequency, k is the cantilever spring constant, and kts is the 
force gradient.20 Therefore the image in FM-AFM(1) mode is a map of 
force gradient over the surface at constant separation, and the image 
in FM-AFM(2) mode is a map of the heights of constant tip–surface 
force gradient. For stable imaging several requirements must be 
fulfi lled:

Figure 14–4. First NC-AFM image of the Si (111)7 × 7 reconstruction. [Cour-
tesy of Kitamura and Iwatsuki. Reprinted with permission from Japanese 
Journal of Applied Physics Part 2—Letters, 34(1B), L145–L148, 1995.]
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where Vts is the tip–surface potential, kts is the tip–surface force 
gradient, k is the cantilever spring constant, F ts

max is the tip–surface 
force, and A0 is the oscillation amplitude. For atomic resolution stiff, 
high-frequency cantilevers are required to provide stable oscillation 
with a good quality factor. The basis for atomic resolution in FM-AFM 
is that the fi rst derivative of the tip–surface force is monitored, in con-
trast to AM-AFM, in which the force itself is monitored. Experimental 
data obtained in FM-AFM(1) can be converted into FM-AFM(2) data 
only when the distance dependence of the tip–surface potential is 
known. Experimental parameters such as cantilever resonant fre-
quency, spring constant, and oscillation amplitude vary from one 
experiment to another. To compare experimental results obtained 
under different conditions the concept of normalized frequency shift was 
developed by Giessibl.20 Normalized frequency shift, γ = (kA3/2/f0)∆ f, 
depends on the tip–surface potential and not on oscillation amplitude 
or oscillation frequency. Analytical solutions for basic tip–surface 
interactions (power law dependence and exponentional decay)21 have 
also been developed. This allows the magnitude of the tip–surface 
force to be related to the image formation mechanism. The concept of 
normalized frequency shift will be used in subsequent discussions of 
various applications.

2.3 Role of the Tip in Image Interpretation

2.3.1 General Approach for Tip Modeling
Classical physics fails to quantitatively describe interactions between 
the tip and surface, while analytical expressions for a quantum mechan-
ical treatment have not yet been developed. In other words at this point 
numerical calculations are required to calculate the quantum mechani-
cal part of the problem. The currently used approach is to develop 
“nanotip” models based on a cluster at the end of the tip, which inter-
acts with the surface obeying quantum mechanical laws. Using this 
model, “chemical” interactions between the “nanotip” and surface can 
be calculated based on the pair potentials between tip and surface 
atoms. Since numerical calculations are time consuming the “nanotip” 
is kept as small as possible. Obviously, the “nanotip” does not represent 
the entire tip–surface interaction. Among the models developed to 
incorporate long-range forces the most popular is the representation of 
the tip as a cone with a hemispherical end. A complete description of 
the tip then includes a cone with a hemispherical cap (analytical 
description) with a “nanotip” at the end of the hemisphere (numerical 
modeling). Some information regarding the tip shape, conductivity, 
and charging is inherent in the experimental dependence of the canti-
lever frequency change on tip–surface separation measured before and 
just after imaging.22–25
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2.3.2 “Nanotip” Models
In SPM simulations, the most common conception for Si and other 
semiconductor surfaces has been that the main component of the tip–
surface interaction is the interaction of a dangling Si bond at the end 
of the tip with the surface atoms. This dangling bond can be well 
described using relatively small 4- or 10-atom Si clusters saturated by 
H atoms.26 Another approach is to assume from the outset that the tip 
is ionic (MgO).27,28 Calculations showed that if the bottom of the tip was 
fl at, i.e., no nanotip (only a macroscopic tip), then the interaction with 
the surface was averaged over several tip ions, and no contrast was 
produced. When a nanotip was included, it had to extend signifi cantly 
beyond the main part of the tip to achieve atomic resolution.

Silicon cluster tip models have been successful in developing a quali-
tative understanding of the origins of image contrast in SPM on metals, 
semiconductors, and insulators; however, they fail in most cases to 
qualitatively reproduce image contrast. The solution is to compare 
images to simulations with a number of different tip models. Silicon 
tips under experimental conditions are likely to be contaminated by 
residual oxide, adsorbed hydrogen, and water,29 or even materials 
transferred from the surface. To compare the properties of clean and 
contaminated silicon tips, the electronic structures of Si10 clusters with 
adsorbed contaminant species were calculated using the density func-
tional theory by Sushko et al.30 The results clearly showed that adsorbed 
hydrogen has no effect on the potential gradient from the uncontami-
nated silicon cluster; however, adsorbed oxygen and hydroxyl groups 
cause a signifi cant change in the potential gradient. Both potentials 
decayed over a much longer distance than did that of the uncontami-
nated cluster, and the stronger gradients suggested a much stronger 
interaction with the surface. Interestingly, the potential gradient from 
an MgO cube corner with an O atom at the end was very similar to 
that of the oxygen-contaminated silicon cluster, a strong negative 
potential. An MgO cluster is a good model of a hard oxide tip, and has 
the important advantage that reliable interatomic potentials exists for 
MgO, alkali halides, and other oxides.

In an interesting experiment Bennewitz and co-workers atomically 
resolved a copper (111) substrate, as well as a unit cell thick NaCl 
grown on that surface.31 An MgO “nanotip” of only a few atoms would 
not atomically resolve the features observed in the experimental 
images. Different “nanotip” models for SFM were compared to deter-
mine which most closely matched experimental results.31 It was found 
that a 64-atom MgO “nanotip” with an oxygen atom at the very end of 
the tip imbedded in a macroscopic tip gives quantitative agreement 
with image contrast. The MgO cube can also be oriented with the Mg 
ion down, providing a strong positive potential. For many SFM experi-
ments on insulators, the ionic MgO tip model provides excellent quan-
titative agreement with the image. Recent achievements in instrumental 
control reduce the possibility of tip contamination by sample material. 
It has also become important to use conducting tip models when study-
ing insulating surfaces.
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A good illustration of the importance of the “nanotip” structure is 
given by Hembacher and co-workers.32 The molecular orbitals of a W 
atom at the end of a tip were “imaged” using an sp2 orbital of fl at 
graphite as a probe. This experiment demonstrates that current instru-
ments are capable of resolving not only atoms but atomic orbitals as 
well. Although orbitals are not immediately obvious in the image con-
trast, Hembacher et al.32 fi ltered the fi rst harmonic of the signal and 
then summed all other harmonics with weighted coeffi cients to elimi-
nate topographic contributions to the image, and the contrast due to 
the atomic orbitals became evident.

2.4 Applications of NC-AFM

In spite of the relatively short time since the demonstration of the 
atomic imaging with NC-AFM, its potential for characterizing noncon-
ducting materials has motivated numerous studies. Illustrative exam-
ples of several classes of materials are summarized below.

2.4.1 Oxides: SrTiO3 and TiO2

Atomic resolution imaging of many oxide surfaces including Al2O3,33 
TiO2,34 SrTiO3,35 NiO,36 CeO2,37 mica,38 and MoO3

39 has been demon-
strated using frequency modulation (FM)-AFM. Two representative 
examples, SrTiO3 and TiO2, are illustrated here. The (100) surface of 
SrTiO3 attracts much attention not least because it is the best substrate 
for the deposition of epitaxial fi lms of superconductive oxides. Another 
attractive feature of SrTiO3 is the ability to dope the surface with oxygen 
to very high concentrations (∼1018 cm−3)40 suggesting the potential of 
applications as channel layers of fi eld-effect transistor.

Unit cell resolution was obtained by Kubo and Nozoye35 on an SrTiO3 
(100) single crystal, on which they observed the 5 5×  reconstruction, 
using the FM-AFM(2) mode. The details of frequency shift were not 
provided so an estimation of the nature of the forces is not possible. 
W2C-coated conductive tips were used to eliminate electrostatic charge 
on the tip and chemical interaction between the tip and surface, and 
to nullify the capacitance forces. As a result, unit cell resolution was 
achieved. The authors describe the 5 5×  surface re-construction as 
an ordered array of Sr adatoms. Figure 14–5 compares STM and NC-
AFM images of the surface. The STM resolves only the Sr adatoms, 
while the NC-AFM resolves both the adatom and the underlying lattice. 
STM contrast on oxides contains both a geometric and electronic struc-
ture contribution, the relative magnitude of which cannot be deter-
mined a priori. In this case the geometric height of the Sr adatom 
appears to preclude resolution of the Ti lattice in unfi lled state images. 
The AFM contrast, in principle, contains integrated charge density of 
all atoms so the oxygen sublattice can be imaged simultaneously. Other 
orientations of SrTiO3 single crystals were examined by NC-AFM; 
atomic rows were observed on SrTiO3 (110)41 and atomic steps on SrTiO3 
(111).42 It should be noted that unit cell resolution is routinely achieved 
with STM as well, when the sample is either doped or signifi cantly 
reduced to provide suffi cient conductivity (SrTiO3 is an insulator).
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As discussed earlier, the details of formate adsorption on TiO2 (110) 
were demonstrated with atomic resolution STM and FM-AFM(2) with 
a conductive silicon tip. An untreated (and probably oxidized) Si tip 
was used to image the (110) surface.13,43 The (100) surface of TiO2 is 
rather more complex than is the (110) surface, exhibiting a (1 × 3) micro-
faceted structure at high temperatures and a combination (1 × 1) and 
(1 × 3) structure at intermediate temperatures. Raza and co-workers 
compared the intermediate structure of the TiO2 (100) surface with 
STM and AFM.44 Figure 14–6 illustrates the level of detail evident in 
the AFM image contrast. The normalized frequency shift, γ, in this case 
is 0.147 fN/m1/2, implying that short-range van der Waals or covalent 
(Morse potential) forces were accessed. It was noted that the lateral 
dimensions of the features in the AFM and STM images agree but the 
apparent corrugation amplitude is much larger in AFM (0.5 nm com-
pared to 0.1 nm). This illustrates the importance of height calibration. 
In this case the (1 × 3) microfacet was used as an internal standard.

2.4.2 FM-AFM of Semiconductors: Si and GaAs
The Si (111) (7 × 7) reconstruction has long been a standard in surface 
science. The structure based on minimization of the number of dan-
gling bonds took 20 years to solve. The “Dimer–Adatom–Staking Fault” 

 Figure 14–5. SPM on (100) SrTiO3. (a) STM image (V = +0.65 V, I = 0.11 nA); (b) 
NC-AFM image (V = −1.49 V); (c) line profi le comparison for STM and NC-
AFM; note that STM shows the Sr adatoms on the surface while NC-AFM 
resolves unit cells underneath; (d) the model for 5 5×  Sr adatoms on 
SrTiO3. [Courtesy of Kubo and Nozoye. Reprinted with permission from Physi-
cal Review Letters, 86(9), 1801–1804, 2001.]
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model proposed by Takayanagi et al.45 is the currently accepted struc-
ture for the silicon (111) 7 × 7 surface. Immediately after the invention 
of the STM, Binnig and co-workers imaged the 7 × 7 reconstruction on 
Si (111) in real space by STM.46 It took more then 10 years before the 
fi rst NC-AFM images of the 7 × 7 reconstruction were obtained simul-
taneously by Kitamura and Iwatsuki47 and Giessibl.48 Both groups used 
FM-AFM(2) to obtain atomic resolution as described earlier (Figure 
14–4).

A number of semiconductor surfaces have been imaged since then, 
including Si (111), (100), (110); GaAs (100); and InAs (110).49 Several 
representative examples are presented here. The most technologically 
relevant Si (100) undergoes a 2 × 1 reconstruction. Figure 14–7 shows 
an atomic resolution FM-AFM(1) image by Yokoyama and co-workers.50 
The normalized frequency shift calculated for these images is ∼4.35 × 
10−14 N/m1/2, a magnitude that suggests that the forces are either short-
range van der Waals or Morse forces, hence atomic resolution. Although 
the surface is known to adopt the (2 × 1) reconstruction, the distance 
between the “dimer-like” features in Figure 14–7 is larger (0.35 nm) that 

a) 

b) 

Figure 14–6. NC-AFM image of 1 × 1 reconstruction on TiO2 (100) (a); facetted 
structure with 1 × 3 and 1 × 1 reconstruction on TiO2 (100) (b). [Courtesy of 
Ashino et al. Reprinted with permission from Physical Review Letters, 86(19), 
4334–4337, 2001.]
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of the expected structure (0.23–0.20 nm). This result was compared 
with an NC-AFM image of the hydrogen passivated surface on which 
the lateral dimensions agree with the expected positions of hydrogen 
atoms. This dilemma is resolved if the image mechanism is that of a 
Si dangling bond of the tip interacting with the surface. In the case of 
the clean (2 × 1) surface the contrast then relates to surface dangling 
bonds rather than dimer bonds and in the case of the passivated surface 
the contrast relates to the dangling bond–hydrogen interaction. These 
results further emphasize the role of chemical/bonding forces in the 
image mechanism.

The surface of GaAs affords an opportunity to examine differences 
in tip–surface inter actions on the same surface. Uehara et al.51 compare 
the corrugations of As atoms and Ga atoms on a GaAs (110) surface at 
different tip–surface distances. Again FM-AFM(2) was used to obtain 
atomic resolution. Unfortunately the oscillation amplitude is not speci-
fi ed so a quantitative analysis of the forces is not possible. In this case, 
though, the apparent distance between As atoms did not change with 
tip–sample distance, while the distance between Ga atoms did. This is 
explained by considering that the force on the surface atom increases 
with decreasing tip–sample distance. Therefore, the As feature is asso-
ciated with valence charge distribution and is not sensitive to this 
range of forces, while the Ga feature is associated with a dangling 
bond, which can be displaced by the interaction with the tip. This is 
another case of using atomic bonding interactions for chemical speci-
fi city in AFM image contrast.

Figure 14–7. (a) NC-AFM image of Si (100) 2 × 1 reconstructed surface. One 2 
× 1 unit cell is outlined by a box. (b) Line profi le of the NC-AFM image across 
the dotted line. [Courtesy of Yokoyama et al. Reproduced with permission 
from Japanese Journal of Applied Physics Part 2—Letters, 39(2A), L113–L115, 
2000.]
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2.4.3 Layered Materials: Graphite
Numerous layered compounds have been studied by NC-AFM, includ-
ing mica,52 MoO3,39 etc. Highly oriented pyrolytic graphite is perhaps 
the most general in that it is used as a calibration standard for SPM 
and as an atomically fl at substrate in numerous studies. As with most 
layered compounds the graphite is easily prepared as a clean atomi-
cally fl at surface by cleavage. Despite the proverbial ease of imaging 
graphite by STM with atomic resolution, every second atom in the 
hexagonal surface unit cell is usually unresolved. Giessibl and co-
workers53 demonstrated that a low-temperature FM-AFM(1) with pico-
Newton force sensitivity reveals the hidden surface atom (Figure 14–8). 
This is another clear example that despite similarity in implementation 
and that combined AFM/STM microscopes are manufactured, differ-
ences between the image formation mechanisms of STM and NC-AFM 
are very important. In STM the tip images the density of states at the 
tip bias, while in NC-AFM the tip images an equiforce surface. With 
an oscillation amplitude of 300 pm, a cantilever spring constant of 
1800 N/m, and an eigenfrequency of 18,076.5 Hz, the normalized fre-
quency shift, γ, is −2.7 fN/m0.5. The magnitude of the normalized fre-
quency shift indicates that the contrast in FM-AFM(1) is due either 
to short-range van der Waals or to Morse forces for the image in 
Figure 14–8.

2.4.4 Dielectrics: KBr and CaF2

The ability to image insulating surfaces of high resistance has been 
noted as an advantage of NC-AFM. Of course the oxides presented 
in Section 2.4.1 are insulating compounds when fully oxidized and 
undoped. Here we illustrate compounds that are not made conducting. 
Benewitz and co-workers present an illustrative example54 by imaging 
the potassium chloride–bromide surface. True atomic resolution was 

Figure 14–8. Low temperature STM (A) and NC-AFM (B) images on graphite. One hexagon of the 
graphite structure is superimposed on STM and NC-AFM images. One atom per unit cell for STM and 
two for NC-AFM. [Courtesy of Hembacher et al. Reproduced with permission from Proceedings of 
the National Academy of Sciences USA, 100(22), 12539–12542, 2003.]
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not achieved in their analysis of K(Cl,Br) single crystals, but atomic 
corrugations with spacing equal to the size of unit cell were resolved. 
This difference in corrugation amplitude was attributed to anion posi-
tions on the surface, providing an additional example of chemical 
specifi city in NC-AFM.

Giessibl and Reichling55 imaged the CaF2 (111) surface with atomic 
resolution in both attractive and repulsive modes (Figure 14–9). The 
level of spatial resolution was facilitated by the use of a quartz tuning 
fork to oscillate the tip. The normalized frequency shift was −62 fN/m0.5 
for attractive and 7.4 fN/m0.5 for repulsive interactions, suggesting that 
van der Waals forces are responsible for image formation. The quartz 
tuning fork has a high spring constant (∼1000 N/m compared to ∼10 N/
m for silicon cantilever), resulting in high stability of the small-
amplitude oscillations. The quality of these images emphasizes the 
importance of small oscillation amplitudes and the proximity of 
these oscillations to the surface. Also, imaging in repulsive mode is 
challenging but yields high spatial resolution.

3 Imaging Properties: Advanced SPM Techniques

In addition to mapping topographic and atomic structure, variants of 
SPM probe local properties. The most common of these are EFM and 
magnetic force microscopy (MFM). These are straightforward mea-
surements in which the tip is lifted above the surface to a distance at 
which only long-range forces are detected. By expanding the mecha-
nisms of force detection and utilizing all possible image modes, the list 
of properties that can be probed is extensive (Table 14–2). The cantile-
ver can be driven mechanically or electrically; this can be done in 

Figure 14–9. High-resolution constant height images of CaF2 (111) in (a) the attractive and (b) the 
repulsive mode of FM-AFM(1) using qPlus sensor as canteliver. (Courtesy of Giessibl and Reichling. 
Reproduced with permission from Nanotechnology, 16, (2005) S118–S124, 2005.
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contact or noncontact regimes; and not only amplitude, but also fi rst, 
second, and third harmonics of amplitude (or phase) can be detected. 
The relation between these operational regimes is shown in Figure 
14–10. For example, conventional AFM is a noncontact, mechanically 
driven oscillation with amplitude or phase-based detection. The newer 
piezoelectric force microscopy (PFM) is in contact mode, electrically 
driven, and with phase-based detection. Static or periodic electric or 
magnetic fi elds can be applied to the sample, independent of the tip 
signal. An underlying theme of the newest developments is the use of 
multiple signal modulations or high order harmonics of modulated 
signals. Within this framework several techniques that address trans-
port and dielectric properties will be reviewed.

3.1 Advanced SPM Techniques for Transport Properties

Perhaps the most common of the so-called “advanced” SPM techniques 
is scanning surface potential microscopy (SSPM), sometimes referred 
to as Kelvin probe force microscopy (KPFM), which maps the work 
function of surfaces.56,57 In SSPM, the cantilever oscillation is driven 
electrically. This is a noncontact (generally 50–200 nm separation) 
probe, with feedback on the fi rst harmonic (Figure 14–11). An ac voltage 

Table 14–2. Properties accessible with scanning probe microscopy.
Technique Mode Property References

AFM nc/ic, mech, phase/amp vdW interaction, topography [2–5]

EFM nc, mech, phase/amp Electrostatic force [2–5]

MFM nc, mech, phase/amp Magnetic force, current fl ow [2–5]

SSPM nc, elec, 1st harmonic Potential, work function, [2–5, 56–75]

 (KPM)   adsorbate enthalpy/entropy

SCM c, F, cap sensor Capacitance, relative dopant density [2–5, 82, 84–87,

SCFM c, elec, 3rd harmonic dC/dV, dopant profi le  89–92]

SSRM c, F, dc current Resistivity, relative dopant density [2–5, 81–83, 87]

SGM nc, elec, amp Current fl ow, local band energy, [2–5, 97]

   contact potential variation

SIM nc, elec, phase/amp Interface potential, capacitance, time [93, 97, 99]

   constant, local band energy,

   potential, current fl ow (in

   combination with SSPM)

NIM c, F, freq spectrum Interface potential, capacitance, time [102–104]

   constant, dopant profi ling

PFM c, elec, phase/amp d33 [63, 105–111, 125,

    126, 128, 129]

NPFM c, elec, 2nd harmonic Switching dynamics, relaxation time [130]

   and domain nucleation

SNDM c, F, 1st or 3rd harmonic dC/dV, dielectric constant [133, 134]

NFMM c, F, phase Microwave losses, d33 [135–138]
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is applied to the tip. Vdc is varied until it matches the surface potential, 
Vsurf, at which point the fi rst harmonic of the force F (with frequency 
ω) is nullifi ed. Thus, the applied Vdc is equal to the surface potential. 
The tip potential is expressed as Vtip = Vdc + Vac sin ωt, and the force 
acting between the tip and surface F(z) = -12(∂C/∂z)[Vtip − Vsurf]2, so the 
fi rst harmonic of the force is F1w(z) = (∂C/∂z)[Vdc − Vsurf]Vac.

The apparent ease with which potential variations can be mapped 
belies the challenges in interpreting images on electrically58,59 and 
topographically inhomogeneous surfaces. In the cases of semiconduc-
tor and dielectric surfaces the electrostatic properties of a surface are 
not characterized solely by intrinsic potential and topography. SSPM 
images must be interpreted in terms of effective surface potential that 
includes capacitive interactions, surface and volume bound charges, 
double layers, and remnant polarization.60–63 For semiconductor sur-
faces tip-induced band bending64 can offset local surface potential.65 
Despite these challenges the obvious need to examine variations in 

Figure 14–10. Variations of SPM are separated into four operational regimes 
distinguished by cantilever driving force and condition of contact.

V = Vdc + Vac sin(ωt)

Function 
Generator 

Lock-in

AFM
controller 

Deflection at ω

Reference at ω

Vdc

V = Vac sin(ωt)

a) b)

Figure 14–11. Comparison of working principles for SSPM (KFM) and SIM. In SSPM (a) the oscillating 
potential is applied between the sample and tip; in SIM (b) the oscillating potential is applied across 
the sample.
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local potential in electronic nanodevices spurred efforts to overcome 
some of the obstacles with careful analytical treatments that deter-
mined limits in quantifi cation. In the late 1990s SSPM was applied to 
semiconductor,66,67 organic,68 and ferroelectric69,70 surfaces, as well as to 
defects,71,72 and photoinduced73,74 and thermal phenomena.75 It is fair 
to say that at this point that absolute values of potential cannot be 
quantifi ed, but variations in potential can be determined with energy 
resolution of 2–4 meV and spatial resolution of the order of 50–100 nm.

One interesting application is the measurements of surface potential 
of self-assembled monolayers (SAM). Figure 14–12 shows a typical 
potential map of two SAMs patterned by microcontact printing. In this 
case one SAM is an alkanethiol, while the other is a conjugated conduc-
tive molecule. The difference in surface potential is obvious but the 
basis of the difference is not entirely clear. There are, in principle, four 
contributions to the potential of SAM: the substrate work function, the 
dipole in the surface bond (usually S—M or SiOx—Si), the dipole in 
the molecule, and the terminating end group. Eng and co-workers 
showed that the potential of alkanethiols on Au increases with the 
increase of chain length.76 Sugimura et al. calculated dipole moments 
in a sequence of siloxane-coupled molecules and the trends agreed 
with the experiment.77 These results provide evidence for the contribu-
tion of the molecular dipole to the measured surface potential. Alvarez 
and Bonnell78 showed that for the SAM of alkanes on metal, the S—M 
bond dipole also affects the measured surface potential. While work 
remains to quantify the relative contribution of SAMs to surface poten-
tial, SSPM easily quantifi es variations and is routinely used to charac-
terize complex fi lms.

On samples with morphological variations, such as grains, SSPM in 
the presence of a lateral fi eld can elucidate the behavior of individual 
microstructural features. This is illustrated in Figure 14–13, which 
shows the behavior of a polycrystalline ZnO surface under different 
applied lateral biases. The topography contains features due to con-
taminants and inter- and intragranular pores. On application of 5 V 

Figure 14–12. SSPM image of SAM of alkanethiol and conjugated molecules 
self-assembled on Au, patterned with a microcontact printing technique. 
(Courtesy of Rodolfo Alvarez.)
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lateral bias the potential steps at grain boundaries become evident 
(Figure 14–13b), and the contrast inverts when the direction of the 
applied bias is reversed (Figure 14–13c). Clearly the behavior of indi-
vidual grains and grain boundaries is distinguished and the voltage 
dependence of all microstructural constituents can be examined sepa-
rately. Furthermore, taking directional derivatives allows the current 
fl ow to be determined at all points on the surface, as shown in Figure 
14–13d.

Although not explicitly stated, much SSPM is done in ambient condi-
tions. Indeed the ease of measurement is a strong advantage for its use 
as a qualitative characterization tool. As with all ambient measure-
ments, the possible interaction of the environment with the surface 
must be considered. There are, in fact, situations in which these effects 
dominate. Some of the early studies involved imaging ferroelectric 
domains in air79 and it was eventually understood that the strong fi eld 
due to domain polarization at a surface is almost completely screened, 
presumably by adsorption. Domains are easily imaged but quantifying 
the magnitude of the surface potential is impossible. In fact the sign of 
the measured potential is usually opposite that of the domain poten-
tial. Ferroelectric domains represent an extreme case of local electric 
fi elds, but even for grain boundaries intersecting a surface the effect is 
observed. Figure 14–14 compares the potential of an atomically abrupt 
boundary in SrTiO3 measured in air and in ultrahigh vacuum (UHV).80 

(c)

(a)

(d) 

(b)

Figure 14–13. Transport imaging in polycrystalline ZnO. (a) Surface topogra-
phy. (b and c) SSPM images under lateral bias exhibit potential drops at grain 
boundaries, indicative of grain boundary resistive behavior. Note that the 
direction of potential drops inverts with bias. (d) Current maps for positive 
and negative bias polarity. (Partially reproduced from Kalinin and Bonnell, 
Zeitschrift fur Metallkunde, 90, 983–989, 1999.) (See color plate.)
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The boundary contains an intrinsic charge, which results in a potential 
variation at the intersection with the surface. In ambient conditions the 
charge attracts compensating adsorbates and the measured difference 
in surface potential is under 10 mV. In UHV, the uncompensated dif-
ference in potential is on the order of 90 mV and opposite in sign.

Two contact techniques, scanning spreading resistance microscopy 
(SSRM)81–83 and scanning capacitance microscopy (SCM),84–86 have been 
developed to characterize semiconductors. In SSRM, a conducting tip 
is biased with respect to the sample and the dc current through the 
tip/surface contact is detected under force feedback control. The amount 
of current is determined by the local spreading resistance of the surface, 
which is related to the local conductivity. Because the native oxide layer 
on Si hinders tip/surface contact, carrier profi ling in Si-based devices 
usually requires a tip coated with a hard material and a high spring 
constant cantilever to provide strong indentation forces (∼20 µN).87 In 
SCM, a high-frequency capacitance sensor detects the tip/sample 
capacitance as the tip is scanned across the sample, which allows a 
smaller indentation force than is used in SSRM. Diamond-coated tips 
are used in spreading resistance measurements, but lower indentation 
force makes metal-coated probes suitable for SCM.88 An ac voltage 
applied to the tip induces the depletion and accumulation of carriers, 
resulting in a change in capacitance, ∆C. In a semiconductor, the 
depletion/accumulation width is inversely related to the carrier con-
centration, so mapping ∆C/∆V yields a carrier concentration profi le. 
Diffi culties in quantifi cation arise if the dopant concentration is non-
uniform, and when spatial resolution decreases due to low dopant con-
centrations. A recent modifi cation incorporates an additional feedback 
that adjusts ∆V to maintain a constant ∆C during the scan, maintaining 
a constant depletion width.88 Analysis of SCM results are mathematically 
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Figure 14–14. KFM of the Σ5 grain boundary in SrTiO3 (100). Left, in air; right, in UHV. (Courtesy of 
Rui Shao.)
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challenging, usually requiring 2D or 3D numerical approaches.89–92 
Note that SCM distinguishes the difference between n- and p-dopants 
in the sample, whereas SSRM does not. On the other hand metallic and 
insulating samples give no contrast in an SCM image, while SSRM 
images defects in insulations and in metallic fi lms.88

Another technique for electronic property characterization on the 
nanoscale is scanning gate microscopy (SGM). SGM is a two-scan 
technique. During the fi rst scan topography of the sample is monitored 
in intermittent contact mode. During the second scan an ac voltage is 
applied across the sample; a biased tip is brought within proximity of 
the sample, and the magnitude of the current across the sample is mea-
sured as a function of tip position. The fi rst implementation of SGM 
was demonstrated on a single wall carbon nanotube in 2000.93 The tip 
acted as a gate electrode in this nanotube circuit. It was found that the 
Fermi surface of the nanotube was not uniform along its length. 

94 University of California at 
Berkeley95 and University of Pennsylvania96,97 used SGM to good effect 
in nanotube-based electronic circuits illustrating the ability to quantify 
local properties in individual nanotubes and to demonstrate threeter-
minal device behavior. Recently researchers from the University of 
California at Irvine98 measured the gating effect of a biased AFM tip 
on ZnO nanowires and found it to be 200 times smaller than that of 
single-wall carbon nanotubes.94 The change of resistance in these 
nanowires differs because of the difference in the widths of the single-
wall carbon nanotube (1–2 nm) and ZnO nanowires (∼400 nm).

Research in the group of R.M. Westervelt extended the concept of 
using an SPM tip as a perturbing probe to visualize the fl ow of electron 
waves in a two-dimensional electron gas. They produced a planar 
electron gas 57 nm below the surface in a GaAs/AlGaAs heterostruc-
ture with a quantum point contact formed with a pair of gates on the 
surface. A biased tip near the surface will capacitively couple to the 
underlying electron gas. As the tip is scanned across the surface, it 
decreases the conductance through the contacts when it is over a region 
of high electron fl ow and has no effect over a region with low electron 
fl ow. Similar to SGM, the image is the current or conductance across 
the gap as a function of tip position on the surface. Figure 14–15 illus-
trates the geometry of the quantum point contact and the pattern of 
electron fl ow that results from a system with a density of 4.5 × 1011 cm−2, 
a mobility of 1 × 106 cm2/V s, a mean free path of 11 µm, and a Fermi 
wavelength λF = 37 nm. Images were recorded with the sample and the 
SPM at T = 1.7 K.

Many phenomena underlying materials behavior involve time-
dependent processes that could be accessed if signals applied to the 
sample and/or tip spanned a wide frequency space. The fi rst introduc-
tion of frequency dependence in scanning probes is referred to as 
scanning impedance microscopy (SIM).99 This is a noncontact, fi rst 
harmonic detection in which the oscillating electrical signal is applied 
to the sample instead of the tip. The implementation of SIM is com-
pared to SSPM in Figure 14–11. The tip can act as a nonperturbing 
probe or as a local gate in a confi guration that allows both the ampli-
tude, which is related to potential, and the phase, which is related to 

Researchers from Stanford University,
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loss, to be quantifi ed. The frequency dependence can be used to isolate 
relaxation associated with electron traps at interfaces and defects.

Figure 14–16a and b illustrates SIM of an interface and grain bound-
ary. For a prototypical ideal sample composed of a single electroactive 

Figure 14–15. Experimental images (outside) 
and theoretical simulations (inside) of the fl ow 
of electron waves through a quantum point 
contact. Fringes spaced by half the Fermi wave-
length demonstrate coherence in the fl ow. 
[Courtesy of Westervelt et al. Reproduced with 
permission from Physica E, 24, 63–69, 2004.] (See 
color plate.)
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Figure 14–16. Surface topography (a) of the cross-sectioned diode. The potential profi les were acquired 
along the dotted line. The changes of potential, phase, and amplitude were determined from positions 
1 and 2. Surface potential (b) during a 0.002-Hz triangular voltage ramp to the sample for R = 500 Ω. 
The scale is 300 nm (a) and 10 V (b). (c) Frequency dependence of SIM phase shift and (d) amplitude 
ratio of grain boundary in an Nb-doped Σ5 SrTiO3 bicrystal. Solid lines on (c) are fi ts for frequency 
independent grain boundary resistance and capacitance and on (d) the calculations are from using 
interface resistance and capacitance from phase data. Data are shown for circuit terminations 148 Ω 
(�), 520 Ω (�), 1.48 kΩ (�), and 4.8 kΩ (�). (Courtesy of Kalinin and Bonnell. Reprinted with permis-
sion from Physical Review B 70, 235304, 2004).
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interface with resistance, Rd, and capacitance, Cd, in series with two 
current-limiting resistors, R, the phase shift across the interface as a 
function of frequency is tan(ϕd) = (ωCdR2

d)/(R + Rd) + Rω2C2
dR2

d, where 
ω = 2πf and f is the oscillation frequency. See Figure 14–11 for the 
exact confi guration. For high frequencies the interface phase shift 
has the simple form tan(ϕd) = 1/ωCdR and interface capacitance can 
be calculated directly from the frequency shift. At low frequencies the 
amplitude ratio across the interface, A1/A2 = (R + Rgb)/R. In addition, a 
dc potential can be applied across the surface establishing a potential 
step at the interface, which can then be measured by SSPM. As the dc 
bias across the interface of a metal/silicon diode is switched from 
positive to negative, the forward/reverse bias behavior is evident in 
the potential image (Figure 14–16a). The phase image of an atomically 
abrupt SrTiO3 grain boundary (Figure 14–16b) shows the large effect 
of a 2D defect. The frequency dependences of both the amplitude 
(which is related to potential) and phase shift (which is related to 
interface processes) of the SrTiO3 boundary are shown in Figure 14–16c 
and d. The combination of SIM and SSPM allows local transport 
spectroscopy of individual interfaces, e.g., direct measurement of 
the spatially resolved interface C–V characteristics. The quantitative 
nature of this approach has been confi rmed on studies of Si/metal 
diodes.100

SIM also contains an intrinsic improvement in spatial resolution 
relative to scanning surface potential or SGM. In combination with 
other SPM techniques, SIM has been used to map the rectifying behav-
ior of a Schottky junction, and characterize defect-mediated transport 
in a single nanotube,97 as well as provide transport measurements of 
idealized grain boundaries. Recently SIM was used to image current 
transport in carbon nanotube networks imbedded in a polymer.101 
Similar to SSPM, the spatial resolution in SIM is ultimately limited by 
capacitive tip–surface interactions.

A second approach to accessing frequency-dependent transport 
expands the frequency range to eight orders of magnitude and pro-
vides higher spatial resolution. Nanoimpedance microscopy and spec-
troscopy (NIM)102–104 is a contact probe with force feedback, in which 
the oscillating bias signal is applied to the tip; current phase and 
amplitude are detected at the sample. Figure 14–17a illustrates the local 
impedance between a tip and lateral electrode, across a ZnO grain 
boundary. By accessing this range of frequencies, the data can be pre-
sented in a conventional Cole–Cole plot that describes both the real 
and imaginary components of impedance. In these plots each of the 
semi circles corresponds to the properties of a microstructural element. 
The interpretation is somewhat model dependent, but for sample con-
fi gurations such as thin fi lms with bottom electrodes or single bound-
aries between electrodes, quantitative characterization of the local 
properties is possible. The local boundary potential, capacitance, 
charge, and depletion lengths can be extracted with spatial resolution 
on the order of tens of nanometers. In a confi guration with an electrode 
under the sample, the impedance of individual grains can be imaged, 
as shown in Figure 14–17b.
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3.2 Advanced SPM Techniques for Dielectric Properties

In principle, utilizing higher order harmonic signals and clever detec-
tor design allows dielectric constant, electrostriction, and piezoelectric 
properties to be detected (Table 14–2). In practice a number of probes 
have been developed to quantify linear and nonlinear dielectric prop-
erties locally. These have focused on electromechanical coupling coef-
fi cients, hysteretic ferroelectric domain switching, etc.

PFM is a scanning probe that is used increasingly to determine 
electromechanical coupling coeffi cients at local scales. It is a contact, 
electrically driven probe technique with feedback based on phase lag. 
Like NIM, an oscillatory electric fi eld is applied to the tip, which is in 
contact with the sample (Figure 14–18). If the material is piezoelectric, 
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Figure 14–17. (a) Cole–Cole plot of local impedance spectra between the SPM 
tip and the top electrode (nanoimpedance spectroscopy) at tip/sample biases 
of +5 V (�), +3 V (∆), and +2 V (♦) for fi xed tip location. Solid line is the fi tting 
of impedance data to the equivalent circuit of two RC elements in series (——). 
Note that interface resistance decreases with dc bias, indicative of varistor 
behavior. (b) Representative NIM phase image; the dark region corresponds 
to nonconductive inclusion in the sample (phase θ = −90°).

V = Vdc + Vac sin(ωt) PE PE

Figure 14–18. Working principle of PFM. An ac bias is applied to the tip, 
which his in contact with the sample, and an electric fi eld is generated. If the 
material is ferroelectric the size of the region around the tip will change. A 
schematic of the responses of polarized domains is presented in the inset.
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the fi eld results in a local deformation of the surface that oscillates the 
tip, i.e., piezoresponse (PR).105,106 In a ferroelectric material domains 
with downward polarization vector contract with a positive voltage, 
producing a phase shift of δ = 180°. For upward oriented domains, the 
situation is reversed, and δ = 0°, because the deformation is in phase 
with the fi eld. The phase, therefore, indicates the orientation of polar-
ization. The piezoresponse amplitude, A = A1ω/Vac, defi nes the magni-
tude of the interaction. For the ideal case of a (100) surface of a tetragonal 
compound, A = αd33, where α is proportionality coeffi cient close to 
unity,107 the piezoelectric constant, d33, is related to the polarization, P, 
as d33 = εε0Q33P, where Q is the second-order electromechanical coeffi -
cient. For the general case there are in-plane components of polariza-
tion that can be accessed by measuring the lateral response of the tip 
to a fi eld variation.108,109 Furthermore, the piezoelectric response is a 
tensorial function, the complexity of which depends on the symmetry 
of the compound and the orientation of the grain or crystal. Harnagea 
et al.110 have shown that even for BaTiO3 with relatively high symmetry 
either the grain orientation or the in-plane component must also be 
known to determine domain orientation.

This is illustrated nicely by Gruverman and co-workers111 who under-
took the three-dimensional high-resolution reconstruction of the polar-
ization vectors in a (111)-oriented Pb(Zr,Ti)O3 ferroelectric capacitor by 
detecting the in-plane and out-of-plane polarization components using 
PFM. Figure 14–19a and b shows the vertical and lateral contributions 
to the phase images of a region that is nominally poled in the vertical 
direction. In spite of exhibiting uniform vertical contrast, the lateral 
component exhibits signifi cant variation. Knowing that this material 
is oriented in the (111) direction, the individual domain orientation can 
be determined, as shown on Figure 14–19c. In this case the vertical 
components of domains polarization have the same magnitude, while 
the lateral component varies between domains.

In PFM voltage spectroscopy,112 piezoresponse, A1ω, and phase, f, are 
measured as a function of dc potential offset, Vdc, on the tip.109,113 PFM 
spectroscopy yields local electromechanical hysteresis loops, quantify-
ing remnant response and coercive bias, on the 20–50 nm level. Piezo-
response force spectroscopy of PbTiO3 is illustrated in Figure 14–20. 
These hysteresis curves are acquired on a PbTiO3 fi lm with 100 nm grain 
size. The phase signal is related to polarization and therefore has the 
shape of a conventional P–E hysteresis curve. The amplitude signal 
shows that strain, in addition to switching, occurs with voltage and 
again traces the conventional butterfl y shape of a curve. These curves 
illustrate the critical tip bias required to achieve polarization switching. 
A number of attempts to relate local hysteresis to crystallographic ori-
entation and piezoresponse amplitude have been reported.114

One critical issue with regard to quantifi cation and spatial resolution 
limit is the question of what volume is accessed by PFM. The answer 
is found by determining the decay of the electric fi eld below the probe 
tip, which in turn depends on the dielectric constant and conductivity 
of the material. For oxide ferroelectric compounds the volume in on 
the order of 20–200 nm.115,116 Consequently, for fi lms thinner than this, 
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Figure 14–19. Investigation of a PZT capacitor with vertical and lateral force 
PFM. Images of amplitude (a) and phase (d) in vertical PFM and amplitude 
(b) and phase (e) in lateral PFM are presented. (c) Schematics of the domain 
orientation in the sample followed from PFM measurements. Note that only 
a combination of three PFM modes gives complete information about the 
direction of the polarization vector in the sample (only two are presented on 
the picture). [Courtesy of Rodriques et al. Reproduced with permission from 
Journal of Applied Physics, 95(4), 1958–1962, 2004.]

Figure 14–20. (a) Vertical 
phase and (b) amplitude hys-
teresis loops of PbTiO3 thin 
fi lms. (Courtesy of Gruveman 
and co-workers. Reprinted 
with permission from Journal 
of Applied Physics, 92, 2734, 
2002).
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or inclined domain structures, quantifi cation requires accounting for 
this volume.

The question arises as to whether the PFM infl uences the properties 
it is measuring. Recently, it was shown that the mechanical strain pro-
duced by the tip can suppress local polarization117 or induce local fer-
roelectroelastic polarization switching.118,119 A quantitative analysis of 
the tip-induced potential and stress distribution is required to charac-
terize local ferroelectric properties by SPM.120–124 A rigorous treatment 
of the image contrast includes simultaneous electrostatic and electro-
mechanical interactions. One complication in PFM is that both long-
range electrostatic forces and the electroelastic response of the surface 
contribute to the PFM signal.63,125 Even under optimal conditions, the 
basis of the electroelastic contribution, Apiezo, is not straightforward 
because of the complex geometry of the tip–surface junction. Some prog-
ress in the quantitative understanding of PFM has been achieved.126–129 
Depending on the tip radius of curvature and the indentation force, 
PFM may correspond to the electroelastic response of the surface 
induced by the contact area (strong indentation limit) or be dominated 
by the electroelastic response of the surface due to the fi eld produced 
by the spherical part of the tip (weak indentation limit). In these cases, 
the magnitude of surface and tip displacements is determined by the 
electromechanical coupling in the material. Alternatively, the signal 
can be dominated by the electrostatic tip–surface interactions (electro-
static limit) and have little relation to the properties of the material. 
Taking an approach familiar to materials scientists, the analytical solu-
tions of these interactions can be presented as contrast mechanism 
maps that relate experimental conditions to properties of the material 
and delineate the conditions under which quantitative measurements 
can be obtained (Figure 14–21).126

The relationship between higher order harmonics of the PR function 
and time dependence of domain switching has been developed into a 
probe of switching dynamics called second harmonic piezo force 
microscopy (SH-PFM).130 When the fi eld and the measured electrostric-
tive strain are in the z direction, electrostriction is expressed in terms 
of the fi eld-induced polarization P as x = Q33P2. For a ferroelectric with 
spontaneous polarization PS and fi eld-induced polarization PE, the 
strain becomes x = Q33(PS)2 + 2Q33PSPE + Q33(PE)2, where the second and 
third terms are the piezoelectric response (because d33 = 2Q33PS/ε) and 
the electrostrictive response, respectively. Under external fi eld, E3(ω) = 
E3 cos ωt, induced
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In macroscopic measurements electrostriction is quantifi ed with inter-
ferometry.131,132 In SH-PFM the cantilever oscillation in contact mode 
determines the local electrostrictive properties.

A complementary strategy to accessing linear and nonlinear dielec-
tric properties is referred to as scanning nonlinear dielectric micro-
scopy133,134 and near-fi eld microwave micro-scopy (NFMM).135,136 The 
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approach utilizes a coaxial probe in which a sharp, center conductor 
“tip” protrudes. The probe is actually the end of a transmission line 
resonator, which is coupled to a microwave source. The concentration 
of the microwave fi elds at the tip changes the boundary condition of 
the resonator, and, hence, the resonant frequency and quality factor. 
The magnitude of the perturbation depends on the dielectric proper-
ties of the sample. Specifi cally, the change in resonant frequency, ∆ f0/f0 
= g∆ε′, where g is a constant and ∆ε′ is the real part of the complex 
dielectric constant; ∆(1/Q) = q∆ε″, where q is a constant and ∆ε″ is the 
imaginary part of the complex dielectric constant. The spatial resolu-
tion of the microscope in this mode of operation is about 1 µm. NFMM 
with coaxial resonators has been used successfully to quantitatively 
image sheet resistance, dielectric constant, dielectric polarization, 
topography, magnetic permeability, and Hall effect. Lu et al.137 have 
used NFMM on ferroelectrics (001) LiNbO3 single crystal to distin-
guish variations in dielectric constant and ferroelectric domains (Figure 
14–22). The growth process of this crystal results in a periodic composi-
tion change that should alter the local dielectric constant. Different 
ferroelectric domains in this crystal have the same dielectric constant. 
The two periodic variations in composition and ferroelectric domain 
orientation are not coincident. Since ∆ f0/f0 relates to dielectric constant 
and ∆Q relates to loss associated with ferroelectric domain boundaries, 
the images should demonstrate different periodicities. This is illus-
trated in Figure 14–22a and b. Lu et al.137 claimed that their NFMM has 
submicrometer lateral resolution, so the prognosis for further improve-
ment of special resolution is good. Lee and Anlage138 demonstrated that 
high-order harmonic powers acquired by NFMM can be used to spa-
tially resolve the local nonlinearity. In their work, the grain boundary 
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Figure 14–21. Contrast mechanism maps of piezoresponse force microscopy. 
SI, strong indentation regime; CSI, contact-limited strong indentation; WI, 
weak indentation regime; NE, nonlinear electrostatic regime; NL, nonlocal 
interactions; PD, plastic deformation. The dotted line delineates the region 
where stress-induced switching is possible. (a) w = 0.1 nm, ∆V = Vtip − Vs = 0 V; 
(b) w = 0.1 nm, ∆V = 5 V. (Courtesy of Kalinin and Bonnell. Reprinted with 
permission from Physical Review B, 65, 125408, 2002.)
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area of superconducting YBCO thin fi lm deposited on an SrTiO3 bicrys-
tal was spatially resolved from the ratio of the second and the third 
power.

4 Future Trends

The rapid pace of advances in SPM shows no sign of slowing. Atomic 
resolution imaging is becoming ever more common and the range of 
local properties that can be quantifi ed is expanding. In the next few 
years, several areas of research will likely push the limits of SPM even 
further.

Combinations of multiple modulations and high order harmonics 
will continue to be used in new ways to access complex properties. 
Table 14–2 illustrates the potential of such combinations but is not a 
comprehensive list of all possibilities. Neither the advanced magnetic 
probes nor the near-fi eld optical probes are included. Frequency mixing 
has not yet been exploited.

There is recent evidence that some of the property probes may 
achieve atomic resolution. Eguchi et al. obtained atomic scale imaging 
in an SPPM (KFM).139 Figure 14–23 compares NC-AFM and SSPM of a 
Ge/Si (105) surface with a model of the atomic structure. An in another 

Figure 14–22. (A) Images of 
the profi les of periodic dielec-
tric constant (on the left) and 
ferroelectric domain boundar-
ies (on the right). (B) Line pro-
fi les of frequency (top) and 
quality factor (bottom) images. 
(See color plate.)
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community, Rugar et al. demonstrated the measurement of a single 
spin of an electron.140 While further work is needed to confi rm the 
absence of artifacts in these measurements, these observations are 
exciting in that they portend a future of atomic resolution property 
imaging. Advances in high precision cantilevers and tips could unite 
NC-AFM imaging of structure with similar resolution imaging of 
potential, work function, dielectric function, etc. Concomitant advances 
in the physics of tip–surface interactions will be necessary when we 
need to interpret, for example, atomic resolution “dielectric constant.”

Finally, in the ideal world it would be useful to combine multiple 
probes with a variety of options for sample stimulation for comprehen-
sive analysis. This vision is schematically illustrated in Figure 14–24. 
Scanning probes with multiple transport-related tips are commercially 

NC-AFM

KFM

STM

Figure 14–23. Atomic resolution NC-AFM, STM, and KFM on Ge/Si (105). 
[Courtesy of Eguchi et al. Reproduced with permission from Physical Review 
Letters, 93(26), 2004.] (See color plate.)
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available, but there is a long way to go before combined electrical, 
optical, and magnetic probes become available. The gap between 
invention/discovery and the availability of these tools through com-
mercial vendors is on the order of 8–10 years. Min imizing this gap 
would advance numerous fi elds that rely on highresolution structure/
property characterization.
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modulation, detection, sample stimulation, and environment might be changed 
to characterize the system for each specifi c case.
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15
Scanning Tunneling Microscopy in 

Surface Science
Peter Sutter

1 Introduction

After its invention in 1982 by Gerd Binnig and Heinrich Rohrer (Binnig 
et al., 1982, 1983), who were awarded the 1986 Nobel Price for this 
discovery, scanning tunneling microscopy (STM) has rapidly become 
a standard technique for high-resolution imaging of conducting 
surfaces. As such, it has revolutionized the way surface science is 
conducted. Having relied almost entirely on diffraction methods for 
determining surface structures, and electron spectroscopy for measur-
ing surface chemistry and electronic structure, surface scientists imme-
diately embraced the powerful imaging and spectroscopy capabilities 
of STM. Earlier techniques for high-resolution surface microscopy 
include fi eld ion microscopy (Muller and Tsong, 1969), low-energy 
electron microscopy (Bauer, 1998), ultrahigh-vacuum scanning elec-
tron microscopy (Venables, 2000), and refl ection electron microscopy 
(Yagi, 1982). Field ion microscopy, the fi rst surface imaging technique 
to routinely provide atomic resolution on metals over small sample 
areas, has recently seen a revival in the form of modern atom probes 
that provide tomographic images of three-dimensional sample volumes 
(Cerezo et al., 2001), nicely complementing the surface imaging capa-
bilities of STM. The other techniques, none of which achieves atomic 
resolution, have been developed further for specifi c applications. As an 
example, low-energy electron microscopy has become a powerful tech-
nique for real-time microscopy of fast surface processes, such as epi-
taxial growth or surface reactions (Bauer, 1998). STM itself has recently 
been at the center of yet another scientifi c revolution, enabling system-
atic studies on individual structures composed of a small number of 
atoms or molecules, and on the order of a few nanometers in size.

This chapter attempts to provide an introduction of the basic con-
cepts of STM, together with illustrations of applications of the tech-
nique. Over two decades after its invention, the applications of STM 
for imaging, spectroscopy, and manipulation at the atomic level have 
clearly become too numerous to allow for a comprehensive review. In 
view of the wide range of applications and overall maturity of the 
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technique, a historic overview may also be of limited value. Hence, I 
have tried to identify representative examples in the current literature, 
which are discussed briefl y to illustrate the different uses of STM. The 
connection to historic developments can in most cases be made easily 
via literature references. For a more in-depth discussion of basic con-
cepts and application examples, several dedicated monographs on 
STM and other scanning probe techniques (Chen, 1993; Wiesendanger, 
1994; Güntherodt and Wiesendanger, 1992; Bonnell, 2001) represent an 
invaluable resource.

This chapter is organized as follows. In Section 2 basic principles of 
STM imaging are introduced, and the imaging methodology as well 
as practical and instrumentation requirements are discussed. The 
approach taken in surface imaging by STM is illustrated by the example 
of silicon surfaces. Section 3 highlights an application of STM that has 
gained ever-increasing importance: atomic scale spectroscopy. It pro-
vides a survey of the spectroscopy capabilities of STM, and introduces 
a variety of techniques for local spectroscopy and spectroscopic 
imaging. In addition, pathways toward obtaining chemical and element 
specifi city at the atomic scale—traditionally a weakness of STM—are 
discussed. The extension of the operating conditions of STM to high 
and low temperatures has opened up new avenues of investigation. 
Variable temperature STM of dynamic surface processes as well as 
atom and molecule manipulation at cryogenic temperatures are the 
topics of Section 4. Section 5 discusses STM imaging and spectros-
copy on subsurface structures, using ballistic electrons to probe 
buried interfaces or cross-sectional STM on cleavage faces of III–V 
semiconductors to image embedded nanostructures. The chapter con-
cludes with a brief discussion of STM image simulation techniques in 
Section 6.

2 Basic Principles of STM Imaging

2.1 Elastic Vacuum Tunneling and 
Scanning Tunneling Microscopy

STM is based on the vacuum tunneling of electrons between two 
solids, one of which is a sharp tip and the other a sample. To remove 
an electron from a solid and bring it into vacuum with zero kinetic 
energy requires energy equal to the work function φ = EVac − EF, i.e., the 
difference between the vacuum level, Evac, and the Fermi energy of the 
material, EF. To move an electron from one solid to another, it has to 
cross the same vacuum barrier. If the two solids are separated by a 
microscopic distance of the order of the decay length of electronic 
states into the vacuum (typically about 1–5 nm), electrons can cross the 
barrier by quantum mechanical tunneling (Figure 15–1).

If, say, two metals are brought to within tunneling distance, a rapid 
charge transfer takes place between them until an equilibrium state is 
established in which their Fermi levels are aligned. Once in equilib-
rium, no net charge is transferred on average. Consider now a slightly 
modifi ed situation, in which metal A is biased relative to B by applying 
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a voltage, VA. The bias offsets the Fermi energies on either side of the 
vacuum barrier by eVA. Under steady-state conditions, this potential 
difference establishes a net tunneling current, I, between A and B.

In a simple planar tunneling model using the Wentzel–Kramers–
Brillouin (WKB) approximation, the tunneling current is given by an 
integral over the energy range between the Fermi energies on either 
side of the vacuum gap,

 I E E eV T E eV dE
eV

= ( ) −( ) ( )∫ ρ ρA A A

A

Β
0

,  (1)

where ρA and ρB denote the local density of states at energy E at the 
surface of A and B, respectively, and T(E, eVA) is the tunneling transmis-
sion probability for electrons with energy E and applied bias VA:

 T E eV
z m eV

E, expA
A B A( ) = −







+ + −2 2
2 2�

φ φ
 (2)

Here, φA,B are the work functions of the two solids, z is their separation, 
and m is the mass of the electron. Evaluation of T for positive (VA > 0) 
and negative bias (VA < 0) shows that the transmission probability is 
highest for electrons at the Fermi energy of the material that is nega-
tively biased, and falls off exponentially for lower energies down to a 
lower cutoff at the Fermi energy of the positively biased electrode. This 
general observation has important consequences in tunneling spec-
troscopy and spectroscopic imaging, as discussed in Section 3.

The tunneling current depends strongly on the separation, z, between 
the two solids. To illustrate this fact, we simplify Eq. (1) by assuming 
constant densities of states, independent of energy. In the limit of low 
bias voltage, VA/φA,B << 1, the tunneling current is then given by

 I V m z= − +( )( )ρ ρ φ φA B A A Bexp /2 2�  (3)

i.e., it depends exponentially on the separation. It is from this strong z 
dependence of the tunneling current that STM derives its exquisite 
height resolution, typically of the order of 0.1 pm, or below 1/100 mono-
layer for most solids.

Figure 15–1. Band diagrams (energy vs. distance along the tunneling direc-
tion) for vacuum tunneling between two metal electrodes, A and B.
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In actual STM imaging, an atomically sharp tip is used to obtain 
laterally confi ned tunneling at a well-defi ned position of a sample. A 
piezoelectric positioning element controls the in-plane (x, y) position 
and height (z) of the tip with picometer resolution. While a constant 
bias voltage is applied between sample and tip, the tip is scanned in a 
line-by-line fashion to continuously change the tunneling position and 
build up an image of a chosen area of interest on the sample. The strong 
dependence of the tunneling current on the tip–sample separation can 
be used for two basic modes of STM imaging: constant-current and 
constant-height imaging (Figure 15–2).

In constant-current imaging, the tunneling current is measured at 
each pixel of the scan and is compared with a chosen current set point. 
Deviations between the measured tunneling current and the set point 
are corrected by applying an appropriate voltage to the z-piezo, thus 
adjusting the tip–sample separation. This feedback mechanism main-
tains a constant tunneling current during the scan, while the trajectory 
z(x, y) followed by the tip is used to generate a map of the sample 
surface or, more accurately, a map of a particular charge density contour 
above the surface.

In constant-height mode, the tip height is not modifi ed during the 
scan. The tunneling current is again measured at each image pixel, but 
is now used directly as a representation of the sample surface via a 
current map, I(x, y). The current maps represent a cut through charge 
density contours in the plane in which the tip is scanned above the 
sample. Obviously, since the tip–sample separation is uncontrolled 
during the scan, constant-height imaging is limited to samples with 
low corrugation and/or small scan sizes. A more practical implementa-
tion of constant-height STM uses a slow feedback system to adjust the 
tip–sample separation on time scales that are long compared to the 
residence time at each pixel, thus compensating for sample surface 
topography or sample tilt. As the current comparison and tip z cor-
rection are eliminated and only the tunneling current is measured, 
data acquisition can be faster than in constant-current imaging. The 
constant-height mode is thus preferred for fast STM image acquisition.

Figure 15–2. Schematic tip 
trajectory for STM imaging in 
constant current and constant 
height mode.
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2.2 Inelastic Vacuum Tunneling

The above considerations assumed elastic tunneling between two 
materials, e.g., a sharp tip and the sample. In this case, the energy of a 
tunneling electron is conserved in the transit through the vacuum 
barrier. Only inside the opposite electrode the electron thermalizes 
to the Fermi energy by phonon emission. Tunneling electrons can, 
however, undergo inelastic scattering during the tunneling process. 
Vibrational modes of molecules adsorbed on the sample surface, for 
example, can be excited by inelastic scattering of a small fraction of the 
tunneling electrons (Figure 15–3).

The onset of inelastic tunneling at characteristic energies can then 
be detected and used as a fi ngerprint to identify individual molecular 
bonds. Such STM-based single molecule vibrational spectroscopy will 
be discussed in Section 3. In addition, controlled amounts of energy 
can be deposited locally into individual adsorbates, important for 
the manipulation of adsorbed atoms or molecules, as discussed in 
Section 4.

2.3 Practical Requirements: Tips, Samples, and 
Operating Environment

Obtaining a highly localized tunneling contact requires very sharp 
probe tips, ideally terminated by a single atom or a small cluster. 
D-band metals (e.g., W) or alloys (PtIr) are generally thought to be 
superior for obtaining high spatial resolution due to the strongly direc-
tional nature of the d-wave function. However, atomic resolution has 
also been obtained with Au tips, i.e., tip materials with primarily s-
electrons at the Fermi level.

Electrochemically etched tungsten wires are often used for high-
resolution STM in vacuum, while less reactive PtIr or Au tips are 
preferred for imaging under ambient conditions. Sharp W tips are 
produced by electrochemical etching in ∼2 M KOH or NaOH solution, 
using a stainless steel or Pt foil as a counter electrode. dc or ac etching 
at typical bias voltages of 5–10 V can be used. Preferential etching at 
the meniscus of the solution leads to a tapering of the immersed wire, 
causing one end to eventually break off. To prevent further etching that 
would blunt the tip apex, an electronic circuit detects the break-off 

Figure 15–3. Band diagrams for elastic 
and inelastic electron tunneling.
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current and switches the bias to zero within a few microseconds. 
Etched tips are rinsed in deionized water to remove traces of the etch 
solution, and loaded into ultrahigh vacuum (UHV). Contaminants and 
surface oxide are desorbed from the tip by a heat treatment in UHV 
prior to mounting the tip into the STM. Electron beam bombardment 
of the tip apex provides an effi cient local cleaning of the thin part of 
the tip, and the applied electric fi eld in this procedure may lead to an 
additional tip sharpening (Kuk and Silverman, 1986). Alternative tip 
cleaning and modifi cation techniques while in tunneling contact 
involve voltage pulses of the order of 4–10 V while scanning the sample, 
or tip forming in the fi eld emission regime (i.e., at tip–sample large 
separation) with applied bias voltages between 10 and 100 V and cur-
rents of several nA. Ideally, the atomic confi guration of the tip would 
be characterized by fi eld ion microscopy (FIM) prior to its use in the 
STM. Attempts have been made to combine FIM with STM. However, 
in practice such efforts are of limited benefi t since tip changes occur 
frequently during scanning, rendering a complete characterization of 
the tip impractical.

To allow the controlled biasing of tip and sample, and to prevent 
charging, conventional direct current STM is limited to metal or semi-
conductor samples. Alternating current STM (Kochanski, 1989) has 
been demonstrated on insulators and organic layers, but is not widely 
used. Clean and ordered crystalline surfaces with low surface rough-
ness are preferred for most studies, in particular for atomic-resolution 
imaging. Reactive semiconductor or metal surfaces are best prepared 
and imaged in UHV, but metal surfaces are also prepared and imaged 
routinely in electrolytes (Gewirth and Niece, 1997). In vacuum, sample 
preparation often involves a thermal cleaning step to remove contami-
nants. Flash cleaning to 1200°C for a brief period of time (few seconds) 
while keeping the vacuum in the low 10−9 torr range removes the native 
oxide and provides atomically clean Si samples with a low density of 
SiC contaminants. Metal surfaces (e.g., Cu, Al, Pt, Au), and some semi-
conductors (e.g., Ge) are prepared in a two-step procedure involving 
repeated cycles of Ar+ ion sputtering and annealing. In refractory 
metals such as Ru, C contamination is removed by many (several 
hundred) cycles of oxygen adsorption near room temperature and 
fl ashing to 1500°C. In situ cleavage can be a very effective method for 
preparing sample surfaces that cannot be sputtered or heated to high 
temperatures. Samples best prepared by cleavage include III–V com-
pound semiconductors (GaAs, InAs), as well as high-TC superconduc-
tors (Yba2Cu3O7−x, BiSr3Cu2O8+x). In situ cleavage is also the preparation 
method of choice for cross-sectional STM (see Section 5), commonly 
performed on (110) cleavage planes of III–V semiconductors. Bulk insu-
lating metal oxides, most prominent among them TiO2, can be imaged 
successfully by STM following Ar+ ion sputtering and annealing, which 
generates oxygen vacancies and renders the surface region suffi ciently 
conductive for stable STM imaging. Au and highly oriented pyrolitic 
graphite (HOPG) are among the few materials on which atomic resolu-
tion is obtained under ambient conditions. Well-ordered, (111) oriented 
surfaces of Au single crystals and thin fi lms on mica can be prepared 
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by fl ame annealing in air (Robinson et al., 1992). Preparation of layered 
materials, notably HOPG, is particularly simple. It involves the removal 
of bundles of graphene layers by adhesive tape from the crystal. Since 
the exposed graphene sheet has no dangling bonds and is very inert, 
such samples can be imaged with atomic resolution in air for extended 
time periods.

For many materials, in particular metals and alloys, electrochemical 
STM is a powerful alternative to imaging in UHV. In this environment, 
almost the entire portion of the tip that is immersed in the solution 
must be coated by an insulating layer (e.g., wax or glass) to minimize 
the faradaic (i.e., ionic) current, which is typically much larger than the 
tunneling current and would otherwise dominate the measured signal. 
Only a small fraction near the apex of the tip remains uncoated to 
allow for tunneling between the tip and sample.

2.4 STM Instrumentation

In tunneling contact the probe tip is only a distance of the order of 
1 nm away from the sample. As the tunneling current is exponentially 
sensitive on the tip–sample separation, any mechanical vibrations of 
the tip relative to the sample have to be minimized. To this end, a two-
fold strategy is commonly pursued. The microscope head itself is built 
as compact and stiff as possible by closely integrating sample and tip 
on a rigid platform. This results in a high resonance frequency for 
oscillations of the tip relative to the sample. In addition, the entire 
microscope is isolated mechanically from outside vibration sources, 
e.g., by suspending it on soft extension springs or long bungy cords. 
The overall goal is to achieve a maximal mismatch between the mech-
anical modes of a soft suspension system and the high resonance fre-
quency of the stiff microscope head. In addition, effi cient vibration 
damping is required, which can be achieved by magnetically induced 
eddy currents. The springs used in many suspension systems have 
their own mechanical modes that can be damped by polymer strips 
woven into their coils. Direct coupling of acoustic noise into the micro-
scope, fi nally, is a problem that is best solved by operating the STM in 
vacuum (Figure 15–4).

A few additional components are part of any practical tunneling 
microscope. A coarse approach mechanism has to be in place, which 
moves the tip from an initial distance of several millimeters into 
tunneling range without making physical contact with the sample. 
Although this has been achieved by mechanical approach mechanisms 
(Smith and Binnig, 1986), piezoelectric driven stick-slip motors are now 
preferred since they allow the entire coarse approach to be performed 
automatically under computer control. For the positioning and scan-
ning of the tip during STM imaging, a segmented piezoelectric tube 
scanner is used (Binnig and Smith, 1986). By applying high voltages to 
the individual segments, the scanner is independently actuated in the 
(x, y) plane parallel to the sample surface and along the perpendicular 
z axis with little crosstalk. The tunneling current in the pA to nA 
range is converted into a voltage by a sensitive, low-noise amplifi er 
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with adjustable transconductance of 107–1010 V/A, which provides the 
input signal for the tunneling current feedback electronics. Modern 
STM controllers typically use digital feedback and scan modules imple-
mented by specifi c software programs running on fast digital signal 
processor (DSP) chips. The measured analog tunneling current signal 
is digitized using an analog-to-digital (A/D) converter, and is com-
pared with the current set point by the feedback program on the 
DSP. Necessary corrections in the tip height z are computed, and are 
converted into analog voltages by digital-to-analog (D/A) converters. 
These voltages may be amplifi ed further by a high-voltage amplifi er 
stage to levels suitable to drive the tube scanner. The scan signal, i.e., 
independent voltage ramps driving the piezo scanner along the in-
plane x and y directions, is also generated digitally on a DSP, followed 
by conversion and amplifi cation steps analogous to those of the z 
signal. A program running on a host computer and communicating 
with the DSP, fi nally, acquires, displays, and stores the measured tip 
trajectory z(x, y) (in constant-current imaging) or position-dependent 
tunneling current I(x, y) (in constant-height mode).

2.5 STM Imaging: Application Examples

High-resolution imaging of surface structure is probably the most 
widespread application of STM. As a direct imaging technique, STM 
has added signifi cantly to the diffraction techniques used traditionally 
to determine the structure of clean and adsorbate covered surfaces. 
Examples of typical applications include the determination of the 
structure of reconstructed surfaces of clean semiconductors, for 
instance vicinal Si surfaces (Erwin et al., 1996) and oxides, such as TiO2 
(Diebold, 2003), and of adsorbate-induced reconstructions on metals 

Figure 15–4. Schematic illustration of the various components of an STM 
system, including piezoelectric tube scanner for tip positioning, and con-
trol electronics (current amplifi er, feedback, scan generator, high-voltage 
amplifi er).
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(e.g., O/Ru(0001); Meinel et al., 1997); the mapping of the evolution 
of surface morphology during epitaxial growth (e.g., metal epitaxy; 
Chambliss et al, 1995), etching (Boland and Weaver, 1998), and ener-
getic particle bombardment (e.g., electrons on Si; Nakayama and 
Weaver, 1999); and the imaging and structural identifi cation of non-
periodic structures such as surface defects, steps, as well as surface-
supported solid (e.g., silicide nanowires on Si; Chen et al., 2000) 
and molecular nanostructures [e.g., molecular rotors on Cu(100); 
Gimzewski et al., 1998]. Although electrically conducting samples are 
a prerequisite for stable tunneling, high-resolution imaging is feasible 
on ultrathin insulating fi lms (for a recent review, see Schintke and 
Schneider, 2004) and self-assembled organic monolayers [e.g., alkane-
thiol monolayers on Au(111); Cygan et al., 1998) supported by metal 
substrates.

In view of the large number of materials systems to which STM has 
been applied, a comprehensive survey would be beyond the scope of 
this chapter. Instead, we discuss in some detail recent contributions of 
STM imaging to one specifi c material: silicon.

2.5.1 STM Imaging—Silicon Surfaces
Due to the important role of Si in electronics, extensive STM studies 
on the structure of clean Si surfaces with different orientation have 
contributed to making Si one of the best-characterized materials system. 
Important early milestones in the characterization of clean Si surfaces 
include the determination of surface bonding and reconstructions on 
Si(111) (Binnig et al., 1983) and on Si(001) (Tromp et al., 1985) used as 
a substrate in microelectronics. STM imaging served to establish the 
thermodynamics of terraces and steps (Swartzentruber et al., 1990; 
Men et al., 1988) on these surfaces, to study electromigration and step-
bunching (Yang et al., 1996), and to survey the stable facets involved 
in the equilibrium shape of Si crystals (Gai et al., 1998).

Figure 15–5 shows an example of constant current STM images on 
Si(111), a complex reconstructed surface whose geometric (Binnig and 

Figure 15–5. (a) Ball-and-stick model of the Si(111)–(7 × 7) surface. Top: top view; bottom: side view. 
a, adatom; r, rest atom; c, corner hole. (b) Filled-state constant-current STM on Si(111)–(7 × 7); V = −1.0 V; 
I = 0.4 nA. (c) Empty-state constant-current STM; V = +1.2 V; I = 0.4 nA.
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Rohrer, 1983) and electronic (Hamers et al., 1986) structure was solved 
in pioneering STM experiments, and which continues to play an impor-
tant role in STM technique development. Figure 15–5a shows a struc-
ture model of the (7 × 7) reconstruction (Takayanagi et al., 1985). Figure 
15–5b, obtained at negative sample bias (V = −1.0 V), i.e., with electrons 
tunneling from occupied sample states to unoccupied tip states, shows 
the corrugation associated with fi lled states of the sample. Conversely, 
Figure 15–5c, obtained at positive sample bias (V = +1.2 V), maps the 
empty states of the sample. Both images show atomic resolution, clearly 
resolving the twelve adatoms (“a”) per unit cell. In addition character-
istic deep “corner holes” (“c”) bounding the diagonals of the 4.6 nm × 
2.9 nm rhombohedral unit cell are imaged.

While all adatoms are mapped uniformly in the empty state image, 
the fi lled state scan shows one-half of the unit cell somewhat higher 
than the other, an effect on the charge density due to the different 
stacking sequence of atomic layers in the two halves of the unit cell. A 
comparison of the images obtained at opposite bias polarity suggests 
that in addition to surface topography, the electronic structure of the 
sample surface adds substantially to the contrast observed in STM 
imaging. This is implicit also in Eq. (1) via the dependence of the tun-
neling current on the local densities of states of both tip and sample at 
the tunneling contact. Note also that the rest atoms (“r”), a second 
near-surface species with dangling bonds protruding into the vacuum, 
are imaged neither at positive nor at negative sample bias. A detailed 
discussion of bias-dependent imaging and other tunneling spectro-
scopy methods used to assess the local electronic structure of a sample 
surface is given in Section 3.

Apart from the structure of clean Si surfaces, Si-based surface chem-
istry has been studied widely by STM. Initial studies provided a knowl-
edge base for technological processes, such as reactive ion etching, 
doping, and chemical vapor deposition (CVD). STM was used to probe 
interactions of Si with halogens (Boland, 1993) and with small mole-
cules involved in surface passivation (H2, H; Laracuente and Whitman, 
2001), doping (PH3; Wang et al., 1994a), and CVD growth (Si2H6; Wang 
et al., 1994b). More recent research directions include the integration 
of molecular electronic elements with Si. Under this perspective, the 
covalent bonding of a wide variety of organic molecules on Si has been 
studied (for a review, see Wolkow, 1999), including small molecules 
such as ethylene (Mayne et al., 1993) and acetylene (Li et al., 1997), 
simple alkenes (e.g., propylene; Lopinski et al., 1998) and polyenes (e.g., 
1,3-cyclohexadiene; Hovis and Hamers, 1997), pentacene (Kasaya et al, 
1998), and benzene (Borovski et al., 1998). On clean Si(001), adsorption 
is from the gas phase in UHV. H-passivated Si can also be modifi ed by 
ex situ wet-chemical techniques, and reintroduced into UHV for STM 
imaging.

Traditionally, an important aspect of the surface science of semicon-
ductors has been epitaxial growth. STM observations at initial growth 
stages, i.e., at coverages of fractions of a monolayer (ML) up to several 
ML, can provide direct insight into fundamental processes such as 
adatom diffusion, incorporation into steps, and nucleation of mono-
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layer islands (for a review, see Zhang and Lagally, 1998). Observations 
of growth and equilibrium structures allow identifying kinetic and 
thermodynamic factors affecting the growth process, as well as the role 
of defects, of elastic strain, etc.

STM studies of Si epitaxy are commonly performed in either of two 
modes. Conceptually preferred is the dynamic observation, via time-
lapse STM “movies,” of the growth surface with the sample held in the 
microscope at high temperature and in the presence of a deposition 
fl ux. This diffi cult technique will be discussed in more detail in Section 
4. As an alternative, STM imaging can be performed at room tempera-
ture on samples that have been quenched at key stages in the growth 
process. If measures are taken to verify that the quenched-in morphol-
ogy is indeed representative of that at high temperature during growth, 
this “quench-and-look” technique offers the advantage of higher spatial 
resolution and larger scan sizes over high-temperature STM.

Early STM experiments focused on the initial stages of Si homoepi-
taxy and Ge/Si heteroepitaxy, mostly on the technologically important 
(111) or (001) surfaces. Key results include the identifi cation of regimes 
of step-fl ow growth and nucleation, determination of the activation 
energy and atomistic pathway of surface diffusion (Mo et al., 1991), 
explanation of growth and equilibrium shapes of two-dimensional 
(2D) islands (Mo et al., 1989), and exploration of the modifi cation of the 
growth process by surfactants (Horn-von Hoegen, 1994). Figure 15–6 
illustrates the identifi cation of the initial stage of island formation in 

Figure 15–6. STM images of 0.01 monolayers Ge on Si(001). The long diagonal 
bands are substrate dimer rows. Filled-state images (A–C; V = −2 V; I = 0.2 nA) 
and corresponding empty-state images (D–F; V = +2 V; I = 0.2 nA), showing 
rows of symmetric (bean-shaped) and asymmetric (buckled) substrate dimers, 
and Ge adatom-induced chain-like structures (marked by arrows). The chain-
like paired adatom structures are seen as metastable precursors to the forma-
tion of monolayer islands in Ge/Si homoepitaxy (Reprinted with permission 
from Qin and Lagally, © 1997 AAAS).
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Ge/Si(001) epitaxy (Qin and Lagally, 1997). Classic theories of nucle-
ation in thin fi lm growth are based on the notion of a “critical nucleus,” 
defi ned as the structural entity for which the addition of one more atom 
will for the fi rst time reduce the free energy. Employing very low Ge 
coverages and high-resolution dual bias STM imaging to uncover the 
link between monomer adsorption and initial 2D growth islands, this 
study shows that island formation may not involve a “critical nucleus,” 
but instead may proceed via a family of metastable structures of 
varying size, with signifi cant consequences on many growth models 
that are based on nucleation and require the size of a critical nucleus 
as input.

More recently, interest has concentrated on strained layer heteroepi-
taxial growth, e.g., of Si1−xGex alloys on Si(001), as an elegant way of 
producing large arrays of nanostructures. Si and Ge are miscible over 
the entire composition range, and the lattice mismatch in the Si1−xGex/
Si(001) system can be tuned between 0 and 4% by alloying. Over a wide 
range of compositions, Si1−xGex alloys initially wet the Si substrate, and 
at higher coverage develop coherent (i.e., dislocation free) faceted three-
dimensional (3D) islands that lower the free energy by relaxing part 
of the lattice mismatch strain. Potentially useful in electronics or opto-
electronics, these faceted nanostructures have shown a strikingly 
complex array of growth phenomena, which make them interesting for 
fundamental growth studies.

Constant current STM images with atomic resolution typically 
encompass fi elds of view of few tens of nanometers. Combining a drift-
stable microscope with state-of-the-art control electronics, substantially 
larger atom-resolved images have become feasible. The ability to obtain 
image sizes in excess of 1 µm2 with high resolution is potentially pow-
erful for imaging growth processes, since it provides access to all rele-
vant length scales as well as image statistics far superior to that of 
conventional small scans. Figure 15–7 illustrates this capability with 
an STM image of 1.5 monolayers Ge on Si(111) with a fi eld of view of 
0.75 µm and 0.05 nm pixel size. The large scan provides an excellent 
overview of the step and island structures resulting from monolayer 
Ge deposition. At progressive zoom into the image, individual terraces, 
and, ultimately, single surface defects and reconstruction domains 
(here coexisting 7 × 7 and 5 × 5 domains) can be examined.

Figure 15–8 gives an example in which the superior statistics result-
ing from large atom-resolved images was used successfully to pinpoint 
the mechanism of periodic surface roughening in Ge/Si(001) growth 
(Sutter et al., 2003a). Via a sequence of “quench-and-look” experiments 
at different Ge coverages, short-range interactions between surface 
steps and vacancy lines, periodic arrays of linear chains of dimer 
vacancies, are shown to cause a highly correlated surface roughness in 
the form of anisotropic 2D islands with progressively higher aspect 
ratio (a–c). Finally, images obtained at a critical Ge coverage of four 
atomic layers (d) show the transition from 2D to 3D growth by forma-
tion of the fi rst faceted islands on the rough wetting layer, and identify 
the atomic-scale pathway of the 2D–3D transition.
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Figure 15–7. Large-area atom-resolved STM. (a) STM image with 0.75-µm 
fi eld of view and 0.05-nm pixel size, showing the surface morphology of Si(111) 
after deposition of 1.5 ML Ge at 550°C. An array of parallel steps, running 
diagonally from the upper left to lower right, coexists with islands nucleated 
during Ge deposition. (b) Zoomed-in view (50 nm) of the area marked by a 
square in (a), showing one of the islands. (c) Further zoom-in (10 nm), showing 
the coexistence of (7 × 7) and (5 × 5) reconstructed domains in the area marked 
in (b).

Figure 15–8. Transition from 2D to 3D morphology in the growth of Ge on Si(001). Large-area atom-
resolved STM images (250 nm × 125 nm sections are shown here) illustrate the surface morphology at 
(a) 1.5 ML, (b) 2.3 ML, (c) 3.5 ML, and (d) 4.0 ML Ge coverage. The transition to 3D growth is preceded 
by the formation of highly correlated, anisotropic surface roughness. With the superior statistics of 
large-area high-resolution images, the repulsive interaction between surface steps and defects (dimer 
vacancy lines) was identifi ed as the origin of the ordering of this surface roughness. (Reprinted with 
permission from Sutter et al., © 2003a by the American Physical Society.)
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Initial 3D islands with shallow facets, such as those shown in Figure 
15–8d, evolve into more complex shapes involving steeper facets, which 
give rise to more effi cient strain relaxation (Figure 15–9). For Si1−xGex 
epitaxy on Si(001), the facets bounding the islands identifi ed by STM 
are to a large extent major stable facets of Si and Ge (Figure 15–9a). At 
early stages of 3D growth, shallow (105) faceted “huts” are invariably 
observed (Figure 15–9b; Mo et al., 1990). These islands then undergo a 
shape transformation to become multifaceted “domes” (Figure 15–9c; 
Medeiros-Ribeiro et al., 1998). At later stages in the shape evolution, 
elastic strain relaxation increasingly competes with plastic relaxation 
via dislocations. For Ge/Si(001) dislocations are introduced before the 
“dome” shape can transform further by introducing additional steeper 
facets. By reducing the Ge concentration of Si1−xGex alloys, and thus 
lowering the lattice mismatch strain, the coherent shape evolution has 
been extended beyond the “dome” shape to the end-point in the 
stereographic triangle, where steep (111) facets are introduced (Sutter 
et al., 2004).

3 Tunneling Spectroscopy

Equation (1) gives an expression for the tunneling current I in the WKB 
approximation for planar tunneling. In this approximation the tunnel-
ing current is an integral, over the energy range of width |eV| in which 
tunneling can occur, of a product of the densities of states (DOS) of tip 
[ρT(E)] and sample [ρS(E)] multiplied by the transmission probability, 
T(E, eV). While this simple approximation cannot address the high 
spatial resolution of STM—a more elaborate theory capable of address-
ing this aspect will be discussed in Section 6—it demonstrates that the 
tunneling current is affected by the electronic structure of both the tip 
and the sample. In a large number of applications it would be desirable 
to merely map the atomic scale “topography” of a sample. The sensitiv-
ity of the tunneling current to the DOS can then be a disadvantage, 
since it often prevents a simple interpretation of a tunneling image as 

Figure 15–9. Shapes of coherent (i.e., dislocation-free) 3D islands induced by lattice mismatch strain 
during Si1−xGex/Si(001) heteroepitaxy. (a) Unit stereographic triangle for Si, showing the major and 
minor stable facets (Gai et al., 1998). (b) STM top view, showing a shallow (105) faceted “hut.” (c) Mul-
tifaceted “dome” shape, terminated by (105), (113), and (15 3 23) facets. (d) “Barn”-shaped 3D island, 
observed for low-misfi t Si1−xGex alloys on Si(001), transformed from a “dome” by introduction of addi-
tional (111) facets (Reprinted with permission from Sutter et al., © 2004 American Institute of 
Physics.).
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a “topographic” map. For many metals with small variations in the 
DOS near the Fermi energy such a simple interpretation is often pos-
sible, i.e., height maxima in a constant current STM image are corre-
lated with atomic positions. However, for semiconductors with strongly 
varying DOS near EF, the simple picture frequently breaks down.

An example is the (001) surface of Si. Geometrically, this surface 
consists of Si dimers, in which each atom is bonded to two atoms in 
the second layer and to its dimer partner. Constant-current STM images 
obtained on Si(001) at positive sample bias indeed show two maxima 
in each dimer (Figure 15–10B), which could be interpreted as the 
“atomic positions.” At negative sample bias, however, only a single 
broader bean-shaped structure is observed (Figure 15–10A), which 
extends across each dimer. In fact, the tunneling current in empty-state 
STM (positive sample bias) refl ects the charge distribution in a π* anti-
bonding state just above the Fermi energy, whose wave function has a 
node at the center of the dimer. Even in this case in which the STM 
image shows two maxima per dimer, these maxima do not refl ect the 
atomic positions in the dimer. Worse yet, in fi lled-state STM (negative 
sample bias) a π bonding state is imaged whose charge density peaks 
at the center of the dimer bond, thus giving rise to a single “topo-
graphic” maximum at that position.

The sensitivity to the electronic structure of tip and sample, however, 
is not merely a complication in STM imaging. It is also one of the major 
strengths of the technique, since it allows measuring and mapping 
surface electronic structure with very high spatial resolution well 
below 1 nm. While most other techniques, such as ultraviolet or x-ray 
photoelectron spectroscopy or Auger electron spectroscopy, average 
over macroscopic sample areas, recently developed spectromicroscopy 
techniques, such as synchrotron photoelectron emission micro-
scopy, provide spectroscopic imaging with 10 nm spatial resolution (see 
Chapter 8, this volume). However, measurements of surface electronic 

Figure 15–10. Constant-current STM images of Si(001) at negative [V = −1.6 V 
(A)] and positive [V = +1.6 V, (B)]. The (2 × 1) unit cell is outlined, and the loca-
tions of the dimers are shown in the center. (Reprinted with permission from 
the Annual Review of Physical Chemistry, Volume 40 © 1989 by Annual 
Reviews www.annualreviews.org.)
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structure “atom-by-atom,” summarized under the term scanning tun-
neling spectroscopy, are feasible only by STM.

3.1 Bias-Dependent Imaging

The simplest scenario for gathering electronic structure information 
involves the successive measurement of constant-current STM images 
at different sample bias. As discussed in Section 1, the tunneling trans-
mission probability is generally highest at the Fermi energy of the 
negatively biased electrode, and falls off exponentially at lower ener-
gies. For positive sample bias, i.e., empty-state STM, elastic tunneling 
occurs mainly from states near the tip Fermi energy into unoccupied 
sample states. In this polarity, varying the bias voltage probes different 
surface states of the sample, particularly if the electronic structure of 
the tip varies slowly in the energy range defi ned by the bias voltages 
used. A series of constant-current STM images at different bias can 
thus be used to map the spatial distribution of unoccupied surface 
states of the sample.

For negative voltages applied to the sample, i.e., fi lled-state STM, the 
situation is not as fortunate. The tunneling current is now dominated 
by states near the Fermi level of the sample. As a result, the occupied 
sample state with highest energy is invariably imaged preferentially 
(Becker et al., 1989). Even if lower-lying surface states exist, as indicated 
schematically in Figure 15–11, constant-current STM imaging is rather 
insensitive to those states.

As a possible solution to this problem in bias-dependent fi lled-state 
imaging it has been suggested that metal probe tips with smoothly 
varying density of states near the Fermi energy could be replaced by 
a semiconductor tip with a strongly modulated DOS. Band structure 
effects have long been recognized in the interaction of low-energy 
electrons with metal surfaces (Bauer, 1994). As an example, the high 
normal incidence refl ectivity on W(110) at low electron energies is due 
to a (110) projected band gap extending over 5 eV, i.e., a lack of extended 
bulk states in the energy range of this gap. For W(100), such a gap does 

Figure 15–11. Band diagrams illustrating the bias-dependent tunneling 
between tip (T) and sample (S). Sample bias V > 0: empty-state STM. V < 0: 
fi lled-state STM. T(E) shows schematically the transmission probability as a 
function of energy for states participating in the tunneling process.
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not exist. Low-energy electrons can propagate into extended states, and 
the refl ectivity in the same energy range is low. Similarly, it can be 
expected that a lack of fi nal states due to projected band gaps in the 
STM tip material can signifi cantly affect the tunneling probability in 
the energy range spanned by such gaps. This modulation of the trans-
mission probability could be used for effi cient energy fi ltering of the 
tunneling current in constant-current STM, specifi cally in fi lled-state 
imaging.

Calculations by density functional theory (DFT) show a number of 
gaps in the [111]-projected band structure of III–V compound semicon-
ductors such as InAs. III–V compound semiconductors cleave easily at 
(110) planes, and cleavage corners bounded by {110} and (100) planes 
are suffi ciently sharp for atomic-resolution STM (Nunes and Amer, 
1993). In addition, InAs(110) has the advantage of an unpinned surface 
with minimal band bending and slight electron accumulation. The 
feasibility of energy-fi ltered STM has been demonstrated by using a 
cleaved InAs tip to selectively image different occupied surface states 
on Si(111)-(7 × 7) (Sutter et al., 2003b). In these experiments, summa-
rized in Figure 15–12, a [111]-projected gap in the InAs conduction 
band, centered at Γ and about 2.6 eV wide, is used to modulate the 
tunneling current in fi lled-state constant current STM. The “adatom” 
state (“a”) on Si(111)-(7 × 7), which lies only 0.35 eV below the Fermi 
energy and is imaged by STM using a metal tip, dominates the tunnel-
ing current at low tip–sample bias. At higher bias, this state aligns with 
a projected gap in the InAs conduction bands and its tunneling 
probability is reduced sharply. Under these conditions the “rest atom” 

Figure 15–12. Energy-fi ltered STM. (a) Bulk band structure of monocrystalline InAs probe tips, pro-
jected along the (111) zone axis parallel to the tunneling direction. Ep denotes a projected gap in the 
bulk conduction band. (b) Band diagram and STM image for low-bias fi lled state STM with InAs tips, 
demonstrating preferential imaging of the adatom state on Si(111)-(7 × 7). (c) High-bias fi lled state 
InAs-tip STM on Si(111)-(7 × 7): alignment of the adatom state with the projected tip gap reduces its 
contribution to the tunneling current, giving rise to preferential imaging of the energetically lower 
rest-atom state (Reprinted with permission from Sutter et al., © 2003b by the American Physical 
Society).
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state (“r”), a surface state 0.8 eV below EF that is not accessible in con-
ventional STM imaging, contributes a majority of the tunneling current 
and can be imaged selectively. Importantly, these results suggest that 
robust bulk band structure effects, which are independent of the atomic 
structure of the tip, can be used to modulate the transmission probabil-
ity in vacuum tunneling. Once developed into a routine imaging tech-
nique, energy-fi ltered STM has the potential to provide rich spectroscopic 
contrast within the relatively simple framework of bias-dependent 
constant current STM.

A classic example of a scenario in which conventional bias-
dependent imaging provides directly interpretable spectroscopic infor-
mation is imaging of cation and anion sites on (110) cleavage planes of 
compound semiconductors such as GaAs (Feenstra et al., 1987) or InP 
(Ebert et al., 1992) (Figure 15–13). For (110) surfaces of compound semi-
conductors, such as GaAs, the occupied state density (imaged at nega-
tive sample voltage) is localized on the anions (As, P), while the 
unoccupied state density (positive sample voltage) is localized on 
the cations (Ga, In). As a result, bias-dependent STM imaging can be used 
to selectively image the cation and anion sublattices on these surfaces.

3.2 Local I-V Measurements and Current Imaging 
Tunneling Spectroscopy

In many instances, a complete electronic structure map is not required, 
but one would like to determine, at one or several positions on a 
sample, the surface density of states in an interval of a few eV around 
the Fermi energy. Such local measurements can, for example, serve 
to determine if a specifi c surface reconstruction or a small cluster is 
semiconducting or metallic, to measure the band gap at the surface 
of semiconductor samples, and to determine for a given location the 
energies of surface states.

Figure 15–13. (a) Bias-dependent STM on GaAs(110): selective imaging of Ga and As sublattices at 
positive and negative sample bias, respectively (Reprinted with Permission from Feenstra et al., ©1987 
by the Armeucion Physics Socuity). (b) Compound STM image of the InP(110) surface, assembled from 
separate positive and negative bias scans (Reprinted from Ebert et al., ©1992 with permission from 
Elsevier). (See color plate.)
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Local current–voltage [I(V)] spectra serve this purpose. The basic 
information content of a tunneling I(V) spectrum can be demonstrated 
by differentiating Eq. (1) [V > 0]:
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For a given energy eV, the tunneling conductance dI/dV refl ects the 
density of states of the sample at that energy, ρS(eV).

Feenstra et al. (1987) noted diffi culties with conductance spectros-
copy, resulting from the fact that the expression for dI/dV diverges 
exponentially both in voltage (V) and separation (z). These divergences 
can be eliminated by normalizing dI/dV by the conductance of the 
tunneling junction, [dI/dV]/[I/V] ≈ d(lnI)/d(lnV). In this form, spe-
ctra obtained at different tip–sample separation z can be compared 
directly.

Local spectroscopy is quite simple to perform. The STM tip is posi-
tioned and stabilized over a chosen point on the sample. The feedback 
loop is switched off while the sample voltage is varied over the desired 
values, and a local measurement of tunneling current as a function of 
bias voltage, I(V), is performed. As an alternative, the tunneling con-
ductance, dI(V)/dV, can be measured by ramping the bias voltage with 
a small ac voltage added, and measuring the ac component of the tun-
neling current at the modulation  frequency of the ac part by lock-in 
techniques. After the I(V) or dI(V)/dV spectrum is recorded, the tip 
feedback is reactivated, and STM imaging can resume.

Figure 15–14a shows tunneling conductance spectra obtained on p- 
and n-type GaAs(110) (Feenstra et al., 1987), which provide a measure 

Figure 15–14. (a) Local normalized conductance spectra obtained on n- and p-doped GaAs(110), 
showing three peaks (V, D, C) originating from surface states (Feenstra et al., 1987). (b) Normalized 
conductance spectra obtained on InP(110), illustrating the valence and conduction band edges delimit-
ing the bulk bandgap (1.4 eV), and the A5 and C3 surface states defi ning the surface gap (1.9 eV) 
(Reprinted from Ebert et al., © 1992 with permission from Elsevier).
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of the surface state density. The spectra show three distinct peaks 
associated with surface states. Peak C is related to a state in the GaAs 
conduction band, localized on the Ga atoms, while peak V stems from 
a valence state localized on the As anions. Peak D is associated with 
tunneling of dopant-induced carriers within the bulk band gap. The 
separation between the leading edges of the C and V peaks is close to 
the bulk band gap of GaAs (Eg = 1.43 eV), i.e., in this system tunneling 
spectroscopy can be used to determine the band gap. Figure 15–14b) 
shows tunneling conductance spectra on the (110) cleavage surface of 
another III–V compound, InP. Also for InP, the band gap (∼1.4 eV) is 
evident from sharp onsets of signifi cant state density at the valence 
and conduction band edges. However, for this system it was argued 
that a wider surface band gap (∼1.9 eV) is indirect, delimited by a 
surface state C3 at the edge of the surface Brillouin zone and a broad-
ened state A5 at the zone center.

A natural, albeit experimentally much more complex extension of 
local I(V) spectroscopy is the measurement of tunneling spectra, as 
discussed above, at each image pixel of a constant-current STM scan. 
This measuring scheme is called current-imaging tunneling spectro-
scopy (CITS). Since complete I(V) spectra are obtained at each image 
point, the corresponding data sets can provide a full range of spectro-
scopic information. As an example, current maps I(x, y) at fi xed tip–
sample bias can be produced. Instead, the voltage dependent tunneling 
conductance dI(V)/dV can be calculated numerically and mapped as a 
function of sample position. If the chosen voltage corresponds to the 
energy of a surface state of the sample, conductance maps will provide 
a direct image of the spatial distribution of that state. Due to the com-
plexity of the data acquisition, the experimental requirements for CITS 
are quite stringent. Since complete I(V) curves are measured at each 
image pixel, requiring the stopping of a scan and deactivation of the 
feedback loop for a fraction of a second per spectrum, a very high sta-
bility of the tunneling gap and low lateral drift of the tip relative to 
the sample are of key importance. These conditions are more easily 
fulfi lled at cryogenic temperatures, where a z-stability of the order of 
1 pm and lateral drift velocities of the order of few Å/hour are possible. 
Low temperatures also reduce the thermal broadening of the tunneling 
transmission coeffi cient T(E), and thus narrow the linewidth of fea-
tures in the tunneling spectra.

A classic example of the application of CITS, the measurement of the 
electronic structure of Si(111)-(7 × 7), is shown in Figure 15–15 (Hamers 
et al., 1986). Shown are a constant current image of the surface at +2 V 
sample bias (a), as well as current images acquired during the same 
scan at bias voltages of +1.45 V and −1.45 V, showing spatial maps of 
unoccupied (+)/occupied (−) sample states at energies up to 1.45 eV 
above/below the Fermi energy. CITS difference images, a precursor to 
modern dI/dV maps, discussed below, calculated by numerically sub-
tracting current images at energies bracketing those of specifi c surface 
states, allowed the mapping of the adatom state, dangling bond, and 
backbond state on this complex reconstructed surface.
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More recently, this complex data acquisition mode has been used, 
for example, to map modifi cations in the electronic structure of indi-
vidual carbon nanotubes arising with the supramolecular assembly of 
C60 molecules inside the hollow tube to form nanotube “peapods” 
(Hornbaker et al., 2002). dI/dV spectra obtained along the symmetry 
axis of C nanotubes show distinct peaks in the density of unoccupied 
states with a spatial periodicity corresponding to the average spacing 
of embedded C60 molecules observed by transmission electron micros-
copy, suggesting that the insertion of C60 causes a signifi cant modula-
tion of the electronic structure. A control measurement was constructed 
by using the STM tip to push the C60 away, and remeasuring dI/dV 
spectra along the same nanotube section without embedded C60. The 
empty tube obtained in this way shows small and smooth variations 
in the density of states along the nanotube axis. Qualitatively, the elec-
tronic structure of the peapods was explained by the single wall C-
nanotube acting as a conduit that enhances the coupling between C60 
molecules nested inside it, and the Bragg scattering of nanotube states 
due to the periodic arrangement of the C60. Calculations of the peapod 
electronic structure confi rm the formation of a hybrid electronic band, 
which derives its character from both the nanotube states and the C60 
molecular orbitals (Figure 15–16).

3.3 Differential Conductance (dI/dV) Mapping

For a given energy eV, the tunneling conductance dI/dV refl ects the 
density of states of the sample at that energy, ρS(eV). As a result, it can 
be expected that high-resolution maps of tunneling conductance can 
provide detailed information on spatial variations in sample electronic 
structure. For example, by plotting dI/dV at an energy corresponding 
to a localized state at the sample surface, the spatial distribution of that 
sample state can be mapped.

In a typical experiment a constant current image, at a specifi c bias 
voltage and tunneling current used to stabilize the tunneling gap, is 

Figure 15–15. Current-imaging tunneling spectroscopy on Si(111)-(7 × 7) (Hames et al., 1986). (a) 
Constant-current STM image (V = +2 V), with one (7 × 7) unit cell outlined (F, faulted; U, unfaulted 
half). (b and c) Current images obtained at +1.45 V and −1.45 V, respectively. Note the strong similarity 
between the rest-atom contrast in the current image (c), and the contrast obtained in rest-atom imaging 
by energy-fi ltered constant-current STM (Figure 15–12).



990 P. Sutter

measured simultaneously with dI/dV maps at one or several voltages/
energies. To obtain the spectroscopic data, the feedback loop is turned 
off at each point of the STM scan, and the selected bias voltages are 
applied. The tunneling conductance is measured directly using a mod-
ulation technique. At the end of the measurement, the feedback is 
reactivated, and the tip is moved to the next image pixel.

If a small modulation voltage dV(t) = a cos ωt with amplitude a and 
frequency ω is added to the dc sample bias V0, the resulting tunneling 
current
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has a small ac component. Its amplitude at the modulation frequency 
ω, which can be measured using a lock-in amplifi er, is proportional to 
dI/dV|V0. Via measurements at different dc bias V0, a set of tunneling 
conductance values at different energies can be determined at each 
pixel during an STM scan, and can later be displayed as maps of the 
sample density of states at those energies. Although quite simple con-
ceptually, the long dwell times at each image pixel in dI/dV mapping 
pose stringent demands on microscope stability, which are best met at 
cryogenic temperatures. Under these conditions, thermal broadening 
of features in the density of states is also minimized.

dI/dV mapping has been applied in a wide variety of measurements 
of electronic states at surfaces and in nanostructures, such as atomic 

Figure 15–16. I(V) tunneling spectroscopy on C60/C-nanotube “peapods” (Reprinted with permission 
from Hornbaker et al., © 2002 AAAS). (A) Map of an array of full dI/dV spectra along the axis of a C-
nanotube “peapod.” Sample bias voltage is plotted on the horizontal axis and displacement along the 
tube on the vertical axis. (B) Representative dI/dV spectra at selected positions along the tube. Large 
conductance peaks are found at positions of embedded C60 molecules. (C) Variation of tunneling con-
ductance along the tube axis. (D) Reference spectroscopic map on an empty C-nanotube section 
without embedded C60, in which no strong modulation of the tunneling conductance is observed. (See 
color plate.)



 Chapter 15 Scanning Tunneling Microscopy in Surface Science 991

chains (Crain and Pierce, 2005) or single molecules (Repp et al., 2005). 
A particularly widespread application is the imaging of quasiparticle 
interference. In an ideal metal, the Landau-quasiparticle eigenstates are 
Bloch wavefunctions with specifi c wavevectors k and energies ε. Their 
dispersion cannot be measured directly by STM. However, in the pres-
ence of disorder, e.g., impurities or crystal defects, elastic scattering 
mixes eigenstates with different k that are located on the same quasi-
particle contour of constant energy in k-space. When states k1 and k2 
are mixed by scattering, an interference pattern with wavevector q = 
k2 − k1 appears in the norm of the quasiparticle wavefunction. The 
interference leads to modulations in the local density of states with 
wavelength λ = 2π/|q|, which can be observed as modulations in the 
differential tunneling conductance. Via differential conductance 
mapping, interference of electronic eigenstates has been probed in 
metals (e.g., Cu(111), Crommie et al., 1993; Au(111), Hasegawa and 
Avouris, 1993) and semiconductors (e.g., InAs(110), Wittneven et al., 
1998). When density of states modulations are detected by STM, certain 
contours of constant energy in k-space can be reconstructed by analyz-
ing the Fourier transform of the real-space density of states map. Such 
Fourier transform spectroscopy simultaneously yields real-space and 
momentum-space information on wavefunctions, scattering processes, 
and quasiparticle dispersion.

Elastic scattering of Bogoliubov quasiparticles in superconductors 
can also give rise to conductance modulations (Hoffman et al., 2002a), 
suggesting that STM could be used as a local probe to study electron 
correlation in superconductors. Quasiparticle inteference has indeed 
been demonstrated for cuprate high-temperature superconductors, such 
as Bi2Sr2CaCu2O8+δ (Hoffman et al., 2002a; Vershinin et al., 2004) and 
Ca2−xNaxCuO2Cl2 (Hanaguri et al., 2004). On Bi2Sr2CaCu2O8+δ crystals 
cleaved at the BiO plane at cryogenic temperature in UHV, a constant-
current image (Figure 15–17A) and differential conductance maps 
(Figure 15–17B) are obtained simultaneously in a low-temperature 

Figure 15–17. Fourier transform spectroscopy on a cleaved Bi2Sr2CaCu2O8+δ high-temperature super-
conductor. (A) Constant-current STM image (65 nm, 0.13 nm resolution). (B) Simultaneously acquired 
differential conductance map (∼ local DOS) at an energy of 12 meV below EF, showing a pronounced 
modulation of the electronic structure. dI/dV is measured with 2 mV modulation. (C) Fourier trans-
forms of DOS maps similar to (B), for energies up to 30 meV, representing maps of quasiparticle scat-
tering wave vectors in this energy range. (Reprinted with permission from Hoffman et al., © 2002a 
AAAS.)
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STM. The conductance map shows a checkerboard-like modulation of 
the local density of states. Fourier transforms of dI/dV maps obtained 
over a range of energies show dominant q-vectors associated with 
quasiparticle scattering. Different spatial patterns and wavelengths are 
observed at different energies. Applying a magnetic fi eld perpendicu-
lar to the sample, the quasiparticle scattering can be modifi ed by the 
controlled introduction of vortices (Hoffman et al., 2002b). Although 
the interpretation of these complex data sets is still somewhat contro-
versial (Vershinin et al., 2004), these experiments clearly demonstrate 
the power of an STM-based approach for studying electronic structure 
and ordering phenomena in high-temperature superconductors.

A second example in which dI/dV mapping plays a key role is spin-
polarized STM. A magnetic probe tip, e.g., a conventional etched W tip 
coated with a thin Fe fi lm and polarized in a magnetic fi lm perpen-
dicular to the tip axis, is used for tunneling on a magnetic sample. 
Figure 15–18 illustrates the principle of spin-polarized STM for the 
example of a ferromagnetic Gd(0001) sample and a hard magnetic Fe 
tip (Bode et al., 1998). In a weak external magnetic fi eld applied parallel 
to the sample surface, Gd(0001) has an exchange-split surface state 
with majority and minority parts at binding energies of −220 meV and 
+500 meV, respectively (Figure 15–18a). In the experiment, the magne-
tization direction of the Fe tip remains fi xed independent of the direc-
tion of the applied magnetic fi eld, while the magnetization of the Gd 
sample can be switched by reversing the direction of the applied fi eld. 
Due to a spin valve effect, the tunneling current of the surface state 
spin component parallel to the tip magnetization is enhanced. If the 
majority spin is aligned with the tip magnetization (blue curve in 
Figure 15–18b) the tunneling conductance of the occupied majority 

Figure 15–18. Spin-polarized STM on a Gd(0001) sample with an exchange-split surface state and a 
magnetic Fe tip with constant spin polarization close to EF. (a) Due to the spin-valve effect the tun-
neling current of the surface state spin component parallel to the tip magnetization is enhanced. (b) 
Illustration of the reversal in the dI/dV signal at the surface state peak position upon switching the 
sample magnetically. (c) Experimental observation of this reversal in tunneling into an isolated Gd 
island (Reprinted with permission from Bode et al., ©1998 by the American Physical Society). (See 
color plate.)
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state will be high, while that of the minority state is low. After reversal 
of the applied magnetic fi eld, the minority spin will align with the tip 
magnetization. The conductance of the minority state thus increases, 
while that of the majority state is reduced. Difference spectra obtained 
by subtracting the traces, measured at two polarities of the external 
fi eld, provide a direct measure of the sample magnetization, and can 
be used to build maps of magnetic order. Spin polarized STM has been 
shown to be a very powerful technique for mapping magnetic and 
antiferrromagnetic order with atomic resolution, as demonstrated by 
studies on 2D antiferromagnetic ordering in Mn/W(110) (Heinze et al., 
2000) and on magnetic hysteresis in Fe/W(110) (Pietzsch et al., 2001).

3.4 Inelastic Tunneling: Vibrational Spectroscopy

A major drawback of conventional STM imaging is its lack of chemical 
and element specifi city, which stems from the fact that only states 
within few eV of the Fermi energy can be probed. As a result, charac-
teristic core levels, which could provide element specifi city, are not 
accessible. For single molecules, an alternative pathway to chemically 
specifi c imaging employs vibrational signatures, which are character-
istic of specifi c molecular bonds.

The use of inelastic electron tunneling spectroscopy (IETS) for vibra-
tional fi ngerprinting on molecules embedded in planar tunnel junc-
tions dates back to the 1960s (Jaklevic and Lambe, 1966). The technique 
is based on the detection of a slight increase in tunneling conductance 
at an electron energy eV = -hω, corresponding to a vibrational mode 
with frequency ω of an embedded molecule. When the applied bias 
reaches this threshold, an inelastic channel for tunneling opens up in 
addition to the elastic tunneling at lower bias. Inelastically scattered 
electrons make up only a small fraction of the total tunneling current 
(typically a few percent). Nevertheless, the second derivative of the 
tunneling current, (d2I/dV2), usually shows clear signatures of inelastic 
tunneling in the form of peaks at the characteristic bias voltages cor-
responding to different vibrational modes. As in dI/dV maps, d2I/dV2 
can be measured by lock-in techniques, by adding a small modulation 
voltage to the tunneling bias V0. The signal amplitude measured at 
twice the modulation frequency is proportional to d2I/dV2|V0

.
Conventional IETS in planar oxide tunnel junctions samples large 

ensembles of embedded molecules. Soon after the invention of STM, it 
was suggested that IETS should be feasible in local tunneling between 
a tip and a sample in STM (Binnig et al., 1985). A fi rst convincing 
experimental demonstration of inelastic tunneling through few mole-
cules was obtained in a setup of two crossed Au wires with fi nely 
adjustable normal force, allowing the trapping and IET spectroscopy 
at cryogenic temperatures on a small number of hydrocarbons 
(Gregory, 1990).

IETS on single molecules in a low-temperature STM was fi nally 
demonstrated by Ho and co-workers in 1998 (Stipe et al., 1998a). A 
beautiful experiment on single acetylene molecules adsorbed on 
Cu(100) not only provides clear evidence for inelastic tunneling at 
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energies close to vibrational frequencies determined in the gas phase, 
but it also shows the expected isotope shift between measurements on 
normal and deuterated acetylene. Robust increases in differential con-
ductance of the order of 3–12% are observed for this system.

In addition to inelastic tunneling spectra on individual molecular 
bonds, as shown in Figure 15–19a, inelastic electron tunneling micros-
copy with molecular resolution was demonstrated on small molecules, 
such as acetylene (Figure 15–19b). In constant-current STM imaging, 
both C2H2 and C2D2 molecules are imaged as identical depressions, i.e., 
are indistinguishable. On the other hand, C2H2 molecules are selec-
tively imaged in (d2I/dV2) maps obtained at the characteristic energy 
of the C—H stretch mode (358 meV), while C2D2 molecules are imaged 
at the isotope shifted energy (266 meV). In a control experiment at an 
energy between these two characteristic values, none of the two iso-
topes gives rise to contrast.

The development of single-molecule vibrational spectroscopy and 
microscopy provides a powerful tool for performing and viewing 
chemistry at the ultimate limit of concentration (individual molecules) 
and spatial resolution (atomic). Local energy input by inelastic tunnel-
ing allows the precise manipulation of individual molecules (rotation, 
translation, see Section 4) and the cleavage and formation of individual 
molecular bonds, as well as the characterization of the individual and 
fi nal confi gurations on the surface.

Figure 15–19. Single molecule vibrational spectroscopy and microscopy. (a) d2I/dV2 recorded over 
individual C2H2 and C2D2 molecules on Cu(100) at 8 K. (1) Signature of inelastic electron tunneling by 
exciting the C—H stretch mode with an energy of 358 meV. (2) Isotope shifted (266 meV) inelastic tun-
neling peak of the C—D stretch mode. (b) Constant current (CC, 4.8 nm) STM of adjacent C2H2 and 
C2D2 molecules on Cu(100), along with simultaneously acquired d2I/dV2 maps obtained at 358 mV and 
266 mV, imaging the C—H and C—D bonds selectively. The symmetric round appearance is attributed 
to rotations of the molecules during the experiment. A d2I/dV2 map obtained at intermediate energy 
(311 mV) shows no vibrational contrast. (Reprinted with permission from Stipe et al., © 1998 AAAS.)
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3.5 Element-Specifi c Imaging

In contrast to chemical specifi city at the level of individual small mol-
ecules, which IETS can provide independent of the particular sample 
structure, no universal approach has been identifi ed to obtain element 
specifi c contrast in STM. Various techniques have been suggested to 
achieve generic element specifi city, among them a scanning tunneling 
atom probe operated by controlled atom transfer to the STM tip and 
desorption into a time-of-fl ight chamber (Weierstall and Spence, 1998), 
and a scanning probe energy loss spectrometer using an STM at high 
tip–sample bias in combination with an electron spectrometer for 
local probe electron energy loss spectrometry (Festy and Palmer, 2004). 
None of the techniques demonstrated to date provided a universal and 
practical pathway toward element specifi c imaging at the atomic scale. 
However, a number of sample–tip combinations have been identifi ed, 
in which element contrast is indeed achieved on a case-by-case basis. 
Prime examples are bimetallic metal surfaces, on which different 
atomic species can be discriminated in constant current STM images.

In a few simple cases, a mere difference in atomic size can give rise 
to contrast, e.g., for submonolayer coverages of Pb/Cu(111) with a dif-
ference in metallic radii of nearly 50 pm (Nagl et al., 1994). In a broader 
class of metal alloys, electronic effects, i.e., differences in local density 
of states above different atoms, give rise to element contrast. Examples 
of systems with substantial density of states differences near the Fermi 
energy include alloys between transition metals with a partially fi lled 
d-shell and noble metals (Au, Ag, Cu). STM images of the (111) surface 
of AgPd alloys (Wouda et al., 1998) indeed show the Ag atoms with 
lower apparent height than the transition metal atoms, as expected 
based on a simple density of states argument. For alloys of transition 
metals (e.g., PtRh; Wouda et al., 1996), the prediction of the STM con-
trast is less straightforward, and generally requires ab initio calcula-
tions of the local density of states. For the PtRh(100) surface shown in 
Figure 15–20a, a local density of states difference at low tunneling 
resistance produces a height difference of about 20 pm between Pt and 
Rh, with Rh imaged at larger apparent height. In some systems, where 
suffi cient differences in local density of states to provide STM contrast 
do not exist, such differences can be induced by suitable modifi cation 
of the sample surface. In an important semiconductor system, Si1−xGex 
alloys, Si and Ge atoms are indistinguishable in conventional constant 
current STM, which severely hampers the understanding of epitaxial 
growth since crucial local composition information is lacking. Cover-
ing a heterogeneous (111) surface composed of Si- and Ge-rich areas 
with 1 atomic layer of Bi induces robust differences in apparent height 
of nearly 0.1 nm between the chemically different regions, thus provid-
ing a means for imaging and characterizing lateral heterostructures 
of monolayer-thick alternating epitaxial Si and Ge stripes (Kawamura 
et al., 2003).

A third mechanism that can give rise to atomic-scale contrast between 
different elements is thought to be based on a direct interaction between 
tip and sample, in what could be described as a “precursor” chemical 
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bond. With the tip–sample distance too large to allow true chemical 
bonding, either atomic relaxation or the local charge density can change 
as the tip is moved across different atomic species, which in turn 
affects the tunneling current and gives rise to apparent height differ-
ences in constant current STM. Qualitatively, surface atoms with 
higher chemical affi nity to the tip atom should have higher tunneling 
conductance and thus will be imaged at larger apparent height. Several 
metal alloy systems, such as PtNi(111) and PtRh(111), are believed 
to show element contrast that is based on tip–sample interaction. 
Clearly, the nature of the tip apex would be of key importance for this 
type of contrast. This may explain why for some systems element 
contrast is obtained only after deliberate chemical modifi cation of the 
STM tip.

4 STM at High and Low Temperatures

STM combines unique capabilities in both high-resolution imaging and 
spectroscopy at surfaces. Some form of controlled environment—such 
as UHV, an inert gas or fl uid—may be required, mainly to ensure 
reproducible sample surface conditions. But many basic microscopy 
tasks, including a broad range of imaging and spectroscopy experi-
ments, are performed conveniently at room temperature. Soon after the 
invention of STM, however, it was recognized that control over the 
sample temperature enables a wide variety of new experiments that 
are impossible to perform at room temperature. As an example, the 
structure or chemical reactivity of a given surface, e.g., of a catalyst, 
may depend on temperature. To characterize its properties in a particu-
lar temperature regime, the sample has to be heated or cooled during 

Figure 15–20. Element-specifi c imaging with atomic resolution by STM. (a) 
PtRh(100): for a bulk composition of 50% Pt and Rh, there are approximately 
31% Rh (bright) and 69% Pt atoms (darker) at the surface. Black spots are 
caused by residual carbon. Pt and Rh atoms tend to cluster in small groups of 
the same species (Reprinted with permission from Wouda et al., © 1996 with 
permission from Elsevier). (b) Atomically and chemically resolved image of 
Ge (bright)/Si (dark) nanowires formed by sequential deposition of submono-
layer amounts of Ge and Si in step fl ow mode on Bi-terminated Si(111). The 
initial Si/Ge boundary (right arrows) is nearly atomically sharp, while inter-
diffusion is observed at the Ge/Si boundary (arrowheads) (Reprinted with 
permission from Kawamura et al., © 2003 by the American Physical Society).
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STM imaging. Further, though imaging of thin fi lm growth in a “quench 
and look” mode is possible, as discussed previously, studying growth 
processes directly at relevant sample temperatures would often be 
preferred. And fi nally, investigation of surface diffusion, chemical 
reactions, or molecular dissociation at surfaces often requires cooling 
of the sample to cryogenic temperatures to slow the rates of these 
thermally activated processes suffi ciently to map them by relatively 
slow STM imaging. Probably the best known example of the benefi ts 
of cryogenic STM is atom and molecule immobilization for atomic or 
molecular manipulation, which allows artifi cial structures to be built 
from individual atoms and can provide highly idealized structures for 
probing chemistry and condensed matter physics at the ultimate spa-
tial limit. Below, the technical challenges involved in temperature-
dependent STM are discussed briefl y, and selected examples of the 
main classes of STM experiments at high and low temperature—the 
imaging of dynamic surface processes via STM movies and the assem-
bly of nanostructures “one atom at a time” by atomic/molecular 
manipulation with the STM tip—are presented.

4.1 STM at High and Low Temperatures: Motivation and Issues

Compared to room temperature operation, STM experiments at high, 
low, or even variable temperatures involve a number of additional 
issues. A primary experimental diffi culty arises from thermal drift due 
to incomplete thermalization and the resulting variations in thermal 
expansion across the microscope, which cause relative motion between 
the STM tip and sample. Thermal expansion coeffi cients are tempera-
ture dependent, and generally approach zero as T → 0. As a result, 
thermal drift rates tend to be low and the overall instrument stability 
is improved in low-temperature STM. Stable low-temperature micro-
scopes reach lateral drift rates of 0.1 nm/h (Meyer and Rieder, 1997), 
and values of vertical stability of the tunneling gap approaching 1 pm 
have been reported (Stipe et al., 1998a). Beyond instrument stability, 
there are strong additional incentives for operation at cryogenic tem-
peratures. The rates of thermally activated processes, such as surface 
diffusion of adsorbed atoms or molecules, can be slowed considerably 
at low temperatures. The freeze-out of thermal motion paves the way 
for time-lapse movies documenting diffusion processes, and for con-
trolled atom or molecule manipulation using the STM tip. On the other 
hand, the thermal broadening of the tunneling distribution and of the 
electronic structure can be minimized at cryogenic temperatures, 
which results in higher energy resolution in spectroscopy.

STM imaging at high temperatures is generally affected by high drift 
rates, which may require active drift compensation between consecu-
tive scans to allow imaging a given region on the sample for extended 
periods of time. Intrinsic drift rates of 3 nm/min without and 0.2 nm/
min with drift correction have been reported for dedicated high-
temperature microscopes (Voigtländer, 2001). Additional practical dif-
fi culties involve sample heating, temperature measurement, as well as 
the need for high scan speeds to capture dynamic phenomena at high 
temperatures.
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4.2 Capturing Dynamic Surface Processes: STM Movies and 
Atom Tracking

The most popular approach for imaging dynamic processes involves 
repeated scanning of the same sample area to generate a time-lapse 
STM “movie.” This capability has been used to study a wide variety of 
phenomena, including step dynamics (Kuipers et al., 1993), epitaxial 
growth (Voigtländer and Zinner, 1993), self-diffusion on semiconduc-
tor (Borovski et al., 1997) and metal surfaces (Horch et al., 1999), as well 
as diffusion of adsorbates (Wintterlin et al., 1997) and large molecules 
(Schunack et al., 2002). If rates of dynamic processes, such as surface 
diffusion, are measured at several temperatures, activation energies of 
these processes can be determined. Complex reaction pathways, 
in cluding adsorption, diffusion, dissociation, etc., can be elucidated at 
the atomic scale, and active sites can be identifi ed.

As a near-fi eld microscopy technique STM is based on raster scan-
ning a probe tip. The scan speed is limited by the resonance frequency 
of the scanning element, typically below about 10 kHz, and by the 
electronic bandwidths of the tunneling current amplifi er and feedback 
circuit. Frame rates in STM movies can be expected to be inherently 
lower than those in parallel imaging techniques, such as transmission 
electron microscopy or low-energy electron microscopy (Bauer, 1998; 
Tromp, 2000). To achieve adequate time resolution, the scan sizes in 
STM movies tend to be small, of the order of 104 pixels. Additional 
measures are typically necessary to deal with slow imaging rates and 
capture the detailed time evolution of a given process. Whenever a 
phenomenon under consideration permits, cooling of the substrate can 
be employed to slow the rates of thermally activated processes. In thin 
fi lm growth, slow evaporation rates are employed. In studying surface 
reactions involving adsorption from the gas phase, e.g., on catalysts, 
low partial pressures of the reactive species in the gas phase are main-
tained. As an alternative to these often rather restrictive provisions, the 
development of high-speed microscopes and control electronics has 
been a focus of active research recently. As an example, scanners with 
mechanical resonances in the range between 50 and 100 kHz have been 
developed. Combined with a fast current amplifi er (600 kHz band-
width) and feedback loop (1 MHz), atomically resolved images have 
been obtained at rates approaching 200 frames/s (Rost et al., 2005). 
Such exciting instrument developments may in the future allow the 
imaging of new classes of dynamic surface phenomena at relaxed 
ambient conditions (higher temperatures, pressure, and growth rates) 
by STM.

To illustrate the use of STM movies at cryogenic temperatures to 
identify and quantify dynamic surface processes, we discuss the 
example of rutile TiO2(110), which has emerged as the prototypical 
system for fundamental surface science studies of transition metal 
oxides (Figure 15–21). TiO2 has numerous applications in areas as 
diverse as heterogeneous catalysis, solar cells, photocatalysis, and 
organic waste remediation, and STM plays a key role in elucidating its 
fundamental surface processes. The TiO2(110)-(1 × 1) surface consists 
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of alternating rows of Ti and O atoms aligned along the [001] direction. 
Due to electronic effects, STM images Ti as protruding rows and bridg-
ing oxygen rows, which are geometrically highest on the surface by 
about 0.12 nm, as troughs.

The reactivity of TiO2(110) is affected to a great extent by the presence 
of oxygen vacancies, which are generated in the process of reducing 
the surface by annealing in vacuum. Using STM movies, the reaction 
mechanisms at these defect sites were studied for model reactions such 
as water dissociation (Brookes et al., 2001; Schaub et al., 2001). The dif-
fusion of oxygen vacancies follows an intriguing mechanism mediated 
by O2 molecules (Figure 15–22) (Schaub et al., 2003). Oxygen vacancies 

Figure 15–21. STM on Rutile TiO2(110). (a) Structure of the TiO2(110) surface. V, a single oxygen 
vacancy. (b) Constant-current STM on TiO2(110). Bright rows are assigned to fi ve-fold coordinated Ti 
atoms and dark rows to bridging oxygen atoms. Oxygen vacancies are imaged as protrusions between 
the Ti rows. Adsorbed O2 molecules are associated with bright protrusions on the Ti rows. (Reprinted 
with permission from Schaub et al., © 2003 AAAS.)

Figure 15–22. O2-mediated diffusion of oxygen vacancies on TiO2(110). (a and b) Consecutive frames 
of an STM movie on the motion of oxygen vacancies on TiO2(110) (T = 300 K, 8.5 s/frame). (c) Difference 
image of (a) and (b), highlighting changes due to the diffusion of single oxygen vacancies. Vacancies 
diffuse perpendicular to the bridging oxygen rows. (d–f) Time-lapse STM of the O2-assisted diffusion 
of an individual oxygen vacancy (T = 230 K, 1.1 s/frame). (g) Schematic illustration of the O2-mediated 
vacancy diffusion mechanism. (Reprinted with permission from Schaub et al., © 2003 AAAS.)
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are immobile on the adsorbate-free surface. Vacancy diffusion is greatly 
enhanced by adsorbed O2. At temperatures suffi ciently low that the 
diffusion of adsorbed O2 molecules can be captured by STM, the sub-
traction of consecutive frames in time-lapse STM shows that single 
oxygen vacancies diffuse along [11̄0] from one bridging O row to the 
next, always in the presence of neighboring O2 molecules.

The role of O2 molecules in the vacancy diffusion process is estab-
lished from detailed investigation of single vacancy hops, again based 
on time-lapse STM movies at low temperature. As an O2 molecule dif-
fusing along a Ti row approaches an oxygen vacancy, it dissociates and 
contributes one oxygen atom toward healing the vacancy, thus creating 
a metastable intermediate consisting of a single O atom. The O adatom 
is highly reactive, as corroborated in separate experiments involving 
dosing of atomic oxygen. It rapidly recombines with a bridging O atom 
and emerges as an O2 molecule. If in this process the bridging O atom 
is removed from one of the adjacent rows, the net result is a diffusion 
jump of an oxygen vacancy by one bridging oxygen row. Given this 
O2-mediated mechanism of oxygen vacancy diffusion, the rate of dif-
fusion events is expected to scale linearly with O2 coverage. STM 
movies obtained at different O2 exposure show that this is indeed the 
case.

While early imaging of dynamic surface processes was performed 
almost invariably in UHV, several applications require STM imaging 
in what is seen as more “realistic” environments for those applications. 
A prominent example is heterogeneous catalysis. It has been recog-
nized that actual reactions under technologically relevant conditions, 
often involving elevated temperatures and pressures at or above atmo-
spheric pressure, can involve surface structures and compositions, and 
entire reaction mechanisms that differ substantially, even qualitatively, 
from those of “simulated” reactions running in UHV, a situation com-
monly termed the “pressure gap” problem of heterogeneous catalysis. 
To address the need for imaging with high spatial and temporal resolu-
tion at elevated pressure, a family of dedicated STM instruments was 
developed (Rasmussen et al., 1998; Jensen et al., 1999; Lægsgaard et al., 
2001; Rößler et al., 2005). These instruments allow sample preparation 
and surface analysis in UHV, followed by exposure to reactants at high 
pressure and simultaneous STM imaging. A particularly elegant imple-
mentation of this concept is the “reactor STM,” allowing dynamic STM 
imaging of surfaces exposed to reactants in a compact catalytic fl ow 
reactor in combination with the simultaneous analysis of the reaction 
products by mass spectrometry.

Figure 15–23 shows an example of a complex dataset obtained during 
high-pressure CO oxidation on Pt(110) (Hendriksen and Frenken, 
2002). The upper panel traces mass spectrometer signals for O2, CO, 
and CO2, showing initial exposure to CO, followed by the introduction 
of molecular oxygen into the reactor. The panel below shows represen-
tative STM images obtained at specifi c stages of the reaction, during 
which the sample is kept at a constant temperature of 425 K. Images A, 
B, E, F, and H show fl at terraces separated by steps, representing the 
metallic, CO-covered Pt(110) surface. Image C shows the change in 
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surface morphology, a pronounced surface roughening, during a step 
in activity giving rise to a sudden increase in CO2 evolution, demon-
strating a direct link between surface roughness and activity for this 
surface involving a mechanism that is not observed at low pressure.

Although capable of mapping dynamic surface phenomena, STM 
movies have obvious limitations in imaging fast dynamic processes, 
such as surface diffusion at room temperature or above. A possible 
solution is the development of novel approaches and instruments for 
very high-speed STM imaging. As an alternative, frame-by-frame 
imaging can be abandoned altogether if only a map of the trajectory 
of the diffusing species is desired. The recognition of this fact led to 
the development of atom tracking STM (Swartzentruber, 1996). In atom 
tracking, the STM tip is locked onto a diffusing surface species using 
a 2D lateral feedback mechanism. Once locked, the feedback maintains 

Figure 15–23. Simultaneous mass spectrometry and STM imaging in a catalytic fl ow reactor: CO 
oxidation on Pt(110). (Top) Mass spectrometer signals of O2, CO, and CO2 measured at the output of 
the fl ow reactor cell. (Bottom) STM images on the Pt(110) catalyst surface acquired at selected stages 
of the process: CO adsorption (A), O2 fl ow (B–D), and repetition of the sequence (E–H). Note the strong 
surface roughening in (D), associated with increased CO2 evolution. (Reprinted with permission from 
Hendriksen and Frenken, © 2002 by the American Physical Society.)
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the tip over that species and tracks its coordinates as it diffuses over 
the substrate. In the atom-tracking mode, the STM spends all of its time 
measuring the diffusion trajectory, which results in substantially 
improved time-resolution compared to time-lapse STM movies.

Atom tracking STM has been used to measure the diffusion kinetics 
of Si (Swartzentruber, 1996) and SiGe (Qin et al., 2000) dimers on 
Si(001) above room temperatures, of water molecules on Pd(111) (Mitsui 
et al., 2002), and of Pd atoms in a Pd/Cu(001) surface alloy (Grant 
et al., 2001). The latter example is illustrated in Figure 15–24. Pd atoms 
in the surface alloy are imaged as protrusions in STM. Locking the 
STM tip onto individual Pd atoms, their diffusion pathway can be 
tracked. Analyzing the residence time (the time between hops) and 
jump length leads to the conclusion that there is no time correlation 
between individual Pd diffusion events, and that the diffusion is medi-
ated by surface vacancies rather than Cu adatoms, i.e., involves rapidly 
diffusing vacancies visiting Pd atoms in the surface layer. From 
the temperature dependence of the Pd hop rate—determined from 
temperature-dependent tracking experiments—the activation energy 
of the overall process, in this case equal to the sum of the vacancy for-
mation energy and the energy barrier for lateral Pd-vacancy exchange, 
can be measured.

In contrast to time-lapse STM, in which the tip is scanned rapidly 
across a larger fi eld of view, the tip maintains close contact with the 
diffusing entity in atom tracking. Hence, the observed diffusion process 
could be affected by tip–sample interactions. While this question has 
to be studied on a case-by-case basis, at least one system [SiGe dimer 

Figure 15–24. Diffusion kinetics of Pd atoms in the Pd/Cu(001) surface alloy. 
(a) Site visitation map of an individual Pd atom, obtained by atom-tracking 
STM at a temperature of 62°C. The square array marks the position of the 
Cu(001) unit mesh. In this dataset the atom hopped 853 times in a time interval 
of 5557 s. (b) Temperature dependence between 31 and 69°C of the average hop 
rate of an incorporated Pd atom. The average residence time of Pd atoms 
decreases from 145.3 to 5.0 s in this temperature range. The data follow an 
Arrhenius form with an activation energy of 0.88 eV and measured prefactor 
of 1012.4±0.4 Hz. (Reprinted with Permission from Grant et al., © 2001 by the 
American Physical Society.)
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diffusion on Si(001)] has been identifi ed in which the diffusion mecha-
nism depends on the sign of the electric fi eld between tip and sample 
(Sanders et al., 2003), indicating that the presence of the probe tip can 
indeed affect the measurement.

4.3 Atom and Molecule Manipulation

Atom and molecule manipulation (Hla and Rieder, 2003) experiments 
utilize the sharp STM probe tip and the ability to control it laterally 
and vertically with picometer resolution to build and modify 
nanometer-scale structures, typically in combination with their analy-
sis by STM imaging and tunneling spectroscopy. While conceptually 
related to atom tracking, manipulation experiments are performed in 
a different regime: the sample is cooled to temperatures low enough 
that all thermal diffusion is frozen out, and the tip is typically brought 
into close contact to induce strong tip–adatom/molecule interactions.

Since the fi rst demonstration of atomic manipulation of Xe/Ni(110) 
by Eigler and Schweizer (1990), manipulation experiments have 
branched out considerably, and now encompass scenarios as diverse as 
controlled chemical reactions of individual molecules (Lee and Ho, 
1999), contacting single molecules with atomic metal wires (Nazin et 
al., 2003), construction of mechanical logic gates from adsorbed mole-
cules (Heinrich et al., 2002), and control of excess charge on individual 
atoms at insulator surfaces (Repp et al., 2004). While generally based 
on some form of tip–sample interaction, atom or molecule manipula-
tion can involve a number of different physical mechanisms: close 
proximity and short-range chemical interaction between a tip atom and 
adatom to affect the potential landscape seen by the adatom on the 
surface, vibrational excitation within adsorbed molecules or between 
substrate and adatom, electric fi eld, or direct charging by tunneling 
electrons. Different patterns of adsorbate motion can be induced, 
including lateral hopping between adsorption sites on the substrate, 
vertical transfer between sample and tip, rotation, as well as the con-
trolled making and breaking of individual bonds. Substrate surfaces 
with relatively low symmetry, e.g., (110) surface orientations or stepped 
surfaces, are often used to establish one-dimensional diffusion path-
ways between substrate adsorption sites that help guide the manipula-
tion process.

Lateral manipulation is based on establishing close proximity 
between an adatom and the STM tip to increase the interaction between 
them. The approach process is controlled via the tunneling resistance, 
which is lowered from typically several hundred MΩ during imaging 
to values of the order of 100 kΩ for manipulation. Depending on the 
particular system, the lateral force needed to move an adsorbate 
between adjacent adsorption sites can be either repulsive or attractive, 
giving rise to manipulation by pushing and pulling, respectively. The 
manipulation process itself is monitored by measuring the tip height 
(or z-piezo voltage) during the lateral motion of the tip, as illustrated 
in Figure 15–25 for Pb/Cu(211) (pulling) and CO/Cu(211) (pushing) 
(Meyer and Rieder, 1998).
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The adsorbate motion in both pushing and pulling modes is strongly 
infl uenced by the preferred adsorption sites defi ned by the substrate. 
A sawtooth-like vertical motion of the tip accompanies each jump of 
the adsorbate between neighboring adsorption sites (Figure 15–25a and 
b). The origin of this tip motion is illustrated in Figure 15–25c for 
the example of an attractive tip–adsorbate interaction. Following the 
approach to the adsorbate, the tip is moved laterally. Initially, the adsor-
bate, held in the potential well of a substrate adsorption site, does not 
follow. The tunneling gap thus increases, and the tip moves forward 
to maintain a constant tunneling current (i). Ultimately, the interaction 
with the tip induces a lateral jump of the adsorbate into a neighboring 
potential minimum. The tunneling gap closes abruptly and the feed-
back loop causes the tip to retract.

The precision and complexity of structures achievable by lateral 
manipulation is illustrated in Figure 15–26 (Heinrich et al., 2002). CO 
molecules adsorbed in monomer, dimer, or trimer confi gurations on 
Cu(111) give rise to distinct contrast in constant current STM. While 
monomers and dimers are stable at low temperature (5 K in this 
example), there are three distinct confi gurations for trimers: a stable 
three-fold symmetric “close-packed” arrangement, and metastable 
“straight-line” and “bent-line” (“chevron”) confi gurations, which relax 
with time constants of the order of seconds into the stable state. Complex 
structures consisting of up to 545 CO molecules were built with atomic 
precision such that any neighboring molecules were initially in stable 
dimer confi gurations, but could be changed to an unstable “chevron” 
confi guration with a place exchange of a single molecule in the vicinity. 
In this way, molecular cascades, similar to toppling rows of standing 

Figure 15–25. Mechanisms of lateral atom manipulation. (a) “Pulling” manip-
ulation via attractive interaction between a Pb atom on Cu(211) and the W tip. 
(b) “Pushing” manipulation via repulsive interaction between a CO adsorbate 
and the W tip. In both cases a sawtooth-like tip height profi le with the peri-
odicity of the substrate adsorption sites is observed (Reprinted with permis-
sion from Meyer and Rieder, © 1998 The Materials Research Society). (c) 
Illustration of the tip and adsorbate motion during manipulation via attractive 
interaction. (i) Lateral motion of the tip, accompanied by an approach toward 
the substrate. (ii) Hopping of the adsorbate, followed by a sharp retraction of 
the tip.
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dominoes, could be constructed. Mechanical computation was demon-
strated by molecular cascades set up as logic AND gates, two-input, 
and three-input sorters.

Apart from lateral manipulation, vertical manipulation, i.e., transfer 
of adsorbates between sample and tip, is possible. Vertical manipula-
tion of CO molecules, for example, has been used for controlled modi-
fi cation of the STM tip and to induce single molecule reactions (Lee 
and Ho, 1999). Vertical transfer is also important for moving adatoms 
or molecules across obstactles such as step edges, if they cannot be 
surmounted by controlled lateral hops. Manipulation mechanisms 
other than direct chemical interaction between the STM tip and adsor-
bates have received increased interest recently. Notably the different 
roles of vibrational excitations are actively investigated (Komeda et al., 
2002; Stroscio and Celotta, 2004). Inelastic tunneling can, for instance, 
drive controlled rotations of adsorbed molecules (Stipe et al., 1998b). 
An intriguing example of atomic manipulation based on inelastic tun-
neling, the controlled manipulation of excess charge on single Au 
atoms, is illustrated in Figure 15–27 (Repp et al., 2004). Individual Au 

Figure 15–26. Molecule cascades. (Left) (A) Confi gurations of neighboring CO molecules on Cu(111): 
isolated CO molecule, dimer, and trimer in a “chevron” confi guration. Large circles mark the positions 
of the molecules and small dots indicate the surface layer Cu atoms (1.9 nm scans; T = 5 K). (B) The 
same area after one CO molecule in the trimer has hopped to generate a stable close-packed trimer. 
(Right) Demonstration of a molecular mechanical AND gate, implemented via cascades of “chevron”-
type CO trimers. (A) Model of the AND gate. (B–D) Sequence of STM images (5.1 nm by 3.4 nm) 
showing the operation of the AND gate: (B) Initialization. (C) Result after input X was triggered with 
the STM tip. (D) When input Y was triggered, the cascade propagated all the way to the output. (E) 
Result of triggering only input Y. (Reprinted with permission from Heinrich et al., © 2002 AAAS.)
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atoms are deposited on ultrathin, insulating NaCl supported by Cu(111). 
Electrons can tunnel between the metal substrate and the STM tip 
through the ultrathin insulator, i.e., STM imaging, spectroscopy, and 
manipulation are possible for this system. However, the coupling of 
the Au adsorbate to the substrate is affected profoundly by the insulat-
ing support. Voltage pulses can be used as a means to reversibly deposit 
an excess electron on individual Au atoms. The charging occurs via an 
inelastic electron tunneling mechanism enabled by a weak coupling of 
the adatom and Cu substrate electronic states. The data suggest that 
the coupling is so weak that the lifetime of a negative ion resonance 
state of the adatom is in the range of ionic vibrational periods for the 
NaCl interlayer, allowing the relaxation of the NaCl lattice, shift of the 
negative ion resonance state below the Fermi energy, and capture of 
the electron. The excess charge is maintained due to the substantial 
relaxation of the underlying NaCl lattice. This stabilization prevents 
discharging by tunneling into the metal, and the electron resides on 
the Au atoms until removed by a voltage pulse of opposite sign. The 
charged Au atom has a distinct signature in constant-current STM 
imaging, and the long-range electric fi eld due to the charged Au atom 
strongly scatters electrons in interface states at the Cu/NaCl interface. 
Charging individual adsorbed atoms is a potentially powerful approach 
to tuning their physical properties. For Au/NaCl, signifi cant differ-
ences in surface diffusivity were identifi ed, with the onset temperature 
of signifi cant surface diffusion lowered from 60 K (Au) to 40 K (Au−). 
Other possible modifi cations due to controlled charging at the atomic 
level include changes in catalytic activity and the controlled manipula-
tion of the net spin magnetic moment of individual atoms.

Figure 15–27. Charging of individual Au atoms on ultrathin NaCl/Cu(111). (a) Constant-current STM 
on a pair of Au atoms, one of which was charged negatively with the other remaining neutral. (b) 
Signature of the charging event. Successful charging, achieved by a voltage pulse while maintaining 
the tip above a single Au atom, is indicated by a sudden drop in tunneling current. (c and d) Quasi-
particle scattering: neutral Au adatoms do not scatter NaCl/Cu(111) interface-state electrons (c), 
whereas the negatively charged adatom acts as a scatterer (d). (Reprinted with permission from Repp 
et al., © 2004 AAAS.)
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5 Heterostructures and Buried Interfaces: BEEM, 
Quantum Size Effects, and Cross-Sectional STM

The exponential dependence of the tunneling current on the tip–sample 
separation makes STM a versatile tool for atomic-resolution micros-
copy and spectroscopy at surfaces. As a result of its unique resolution 
and surface sensitivity STM has brought important advances in fi elds 
such as catalyis or epitaxial growth, in which surface processes play a 
key role. For many technological applications of semiconductor materi-
als, e.g., in device structures such as transistors, detectors, or lasers, the 
active regions encompass complex heterostructures, and device per-
formance is affected much less by the free surface than by buried 
interfaces. Therefore, a need arises for a technique capable of probing 
subsurface structures, electronic properties, and carrier transport. The 
mapping of interfacial and transport properties should occur with 
nanometer spatial resolution to provide data that are relevant for semi-
conductor devices with progressively reduced dimensions. Since the 
early 1990s, several STM-based techniques have been developed to 
provide high-resolution imaging and spectroscopy of buried interfaces 
and heterostructures. Ballistic electron emission microscopy (BEEM) 
operates in a three-terminal confi guration, in which the STM tip, whose 
height is controlled by a constant-current feedback loop, injects hot 
carriers into a thin fi lm or heterostructure while an additional collector 
contact measures the current of carriers that are transmitted through 
buried interfaces. Electron interference in a thin metal fi lm, again 
with carriers injected from an STM tip and traveling ballistically in 
the metal, provides detailed thickness maps of metallic overlayers, 
and can—under favorable circumstances—even map the atomic struc-
ture of a buried metal–semiconductor interface. Cross-sectional STM, 
fi nally, is used to image complex heterostructures such as superlat-
tices, embedded self-assembled quantum dots, or substitutional mag-
netic impurities, on nonpolar (110) cleavage planes of III–V compound 
semiconductors.

5.1 Probing Buried Interfaces (I)—BEEM

BEEM was invented by Kaiser and Bell (1988) to probe Schottky con-
tacts, i.e., metal–semiconductor interfaces with high spatial resolution 
(for a recent review, see Narayanamurti and Kozhevnikov, 2001). 
Beyond Schottky barriers, the technique can determine the height of 
other subsurface potential barriers and it has also been applied to 
measure band offsets between different semiconductors, the energies 
of transmission resonances in semiconductor quantum wells and 
superlattices, and bound states in buried quantum wires and dots. In 
addition, electron scattering at subsurface linear and point defects has 
been characterized.

We illustrate the operating principle of BEEM using the example of 
a metal–semiconductor junction. The technique operates in a three-
terminal confi guration, i.e., adds an additional collector electrode to the 
STM tip and sample contact, as shown schematically in Figure 15–28. 
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The STM tip is scanned at constant current It, measured between the 
tip and base electrode, over the surface of the base layer. The tip serves 
as a point source of hot carriers, electrons or holes, injected into the 
metal base. If the metal thickness is small compared to the mean free 
path for electron–phonon, electron–electron, or impurity scattering, 
most carriers reach the metal–semiconductor interface ballistically, i.e., 
with their original energy and momentum distribution. In metals, 
the mean free path for electron–phonon scattering of electrons with 
energies of a few eV is typically of the order of 10 nm. In signifi cantly 
thicker fi lms, electron–phonon scattering would broaden the momen-
tum distribution of the injected carriers, i.e., mostly affect the spatial 
resolution of BEEM, while having little effect on the energy distribu-
tion. Hence, the injected ballistic carriers generally have a well-defi ned 
energy distribution and can be used to perform spectroscopic mea-
surements on buried potential barriers.

At the metal–semiconductor interface, ballistic carriers with energies 
below a threshold equal to the Schottky barrier height eφB are refl ected 
back into the metal base, while carriers with energy above the thresh-
old are transmitted into the semiconductor collector (Figure 15–29). If 

Figure 15–28. Schematic setup 
of a typical BEEM experiment 
on a metal (M)–semiconductor 
(S) heterostructure.

Figure 15–29. Band diagrams for (a) 
ballistic electron and (b) ballistic hole 
injection into the metal base on an 
n- and p-type semiconductor, respec-
tively. The dark shaded areas indicate 
the energy distribution of the injected 
carriers, as well as of those transmitted 
into the collector. The inset in (a) illus-
trates the onset of the collector current 
at a threshold bias corresponding to 
the Schottky barrier height, eφB. (After 
Bell et al., 1991.)
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other barriers exist in the collector layer, the transport through that 
material can involve additional interfacial refl ections. Carriers that are 
transmitted through the entire collector layer contribute to the collector 
current (or BEEM current), which is measured between base and col-
lector contacts.

The energy of the injected carriers is varied by changing the voltage 
applied between the STM tip and metal base. For low bias, none of the 
injected carriers is transferred across the metal–semiconductor inter-
face. At voltages above the threshold, some carriers have energy above 
the Schottky barrier and can cross the interface, causing an increase in 
collector current with increasing tip–sample bias above threshold. 
From the onset of the BEEM current, the barrier height eφB can be 
determined, e.g., by fi tting the measured Ic(V) to a theoretical expres-
sion. In a simple one-dimensional theory,

 I V RI dE f E f E eV E E eV ec t F B( ) = ( ) − −( )[ ] × − − +( )[ ]∫ θ φ  (6)

where R is a bias independent parameter and f(E) is the Fermi 
function.

Figure 15–30 shows experimental BEEM spectra on an Au/n-Si(001) 
junction, measured at room temperature in N2 atmosphere, fi tted using 
Eq. (6) to determine a Schottky barrier eφB = 0.92 eV. Due to its low 
reactivity and oxidation resistance, Au was used in many of the early 
BEEM experiments as a nonepitaxial metal base on a variety of other 
semiconductors. Schottky barrier heights were determined, for example, 
for Au/n-GaAs(001) (eφB = 0.70 eV at 77 K) (Bell et al., 1990) and Au/n-
GaP(110) (eφB = 1.41 eV) (Prietsch and Ludeke, 1991). For Au/n-CdTe(001) 
(eφB = 0.69–1.07 eV) (Fowell et al., 1990), strong lateral variations in the 

Figure 15–30. BEEM spectra obtained on a polycrystalline Au/n-Si(001) junc-
tion. Spectra a–c (symbols) are measured at different tunneling currents. The 
calculated spectra (solid lines) correspond to a common Schottky barrier 
height value φB = 0.92 eV and R value of 0.045 eV−1. (Reprinted with permission 
from Kaiser and Bell, © 1988 by the American Physical Society.)
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measured Schottky barrier height were detected, emphasizing the 
need for high-resolution maps of interfacial transport.

Carrier transport in BEEM is affected by all stages of the injection 
pathway: (1) tunneling from the tip into the metal base layer, (2) hot 
carrier transport through the base, (3) transmission across the metal–
semiconductor interface, and (4) transport in the semiconductor, includ-
ing transmission through additional heterostructure interfaces. In 
addition to local Schottky barrier heights, the technique is therefore 
sensitive to a number of factors, e.g., surface topography, elastic or 
inelastic scattering in the different layers or at interfaces, and the band 
structures of the junction partners, which affect not only interface 
transmission probabilities but also the spatial resolution obtainable in 
BEEM via metal band structure-induced focusing or defocusing.

BEEM current maps can be acquired simultaneously with constant-
current STM images by measuring Ic spatially resolved during a con-
stant-current scan. Figure 15–31 shows STM and BEEM current images 
obtained on 2.5 nm epitaxial CoSi2/Si(111) (Sirringhaus et al., 1994). The 
lattice mismatch of 1.2% between the metallic silicide and the Si sub-
strate is accommodated by an interfacial dislocation network. In STM 
topography, the location of these line defects is detected via their elastic 
strain fi eld at the CoSi2 surface. Strikingly, the defects are mapped in 
BEEM as sharply localized regions with increased collector current 
with a width of only 0.8 nm, as expected for ballistic transport of car-
riers with a strongly forward focused tunneling momentum distribu-
tion, i.e., k|| ∼ 0. While the Schottky barrier was found to be uniform, 
as expected for an epitaxial interface, the sharp local increase in trans-
missivity of the CoSi2/Si interface was explained by a signifi cant 
increase in in-plane momentum due to scattering by the dislocation 
core, facilitating the transmission into the Si conduction band 
minima.

Figure 15–31. (a) Constant-current 
STM image and (b) corresponding 
BEEM image obtained on epitaxial 
2.5 nm CoSi2/Si(111). A dislocation 
network at the silicide/silicon inter-
face is indicate by dashed lines. In 
the BEEM image brighter areas 
indicate regions of higher collector 
current. Hot electron scattering at 
the interfacial dislocations causes a 
sharply localized increase in collec-
tor current.
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In experiments such as those on CoSi2/Si(111), growth and probing 
of the entire heterostructure in the same UHV environment is critical 
to achieve ordered interfaces and reliable measurements on reactive 
metal surfaces. For the microscopy itself, low temperatures have several 
practical advantages, such as improved energy resolution due to 
reduced thermal broadening of the tunneling distribution, and reduced 
thermal drift of the STM. An additional benefi t is a lower thermal noise 
due to a reduction of thermionic emission across interfacial barriers, 
which allows shallower potential barriers to be probed. As a result, 
semiconductor band offsets, resonant transport in semiconductor het-
erostructures, and interfacial barriers between an organic layer and a 
metal base (Troadec et al., 2005) can be measured successfully by low-
temperature BEEM. Examples are embedded self-assembled quantum 
dots (Rubin et al., 1996), lithographically patterned quantum wires 
(Eder et al., 1996), double-barrier resonant tunneling structures (Sajoto 
et al., 1995), and superlattices (Heer et al., 1998). Figure 15–32 shows 
the band profi le for carrier injection into an individual InAs quantum 
dots in GaAs (Rubin et al., 1996). Also shown are STM and BEEM 
images, as well as BEEM spectra obtained with the tip positioned on 
top and next to the dot. The semiconductor heterostructure was coated 
with a polycrystalline Au base layer, whose morphology largely domi-
nates the contrast in STM. A strong enhancement in BEEM current in 
a circular region with 30 nm diameter is associated with carrier trans-
port through a single InAs quantum dot. A comparison of BEEM 
spectra obtained on and between dots shows signatures of transport 
through two zero-dimensional states of the dot.

Ballistic carrier transport and scattering can, in principle, be used 
to probe a wide variety of other systems, beyond Schottky barriers 
and semiconductor heterostructures. Examples are metal–insulator–
semiconductor structures (Cuberes et al., 1994) or magnetic multilayers 
(Rippard and Buhrmann, 2000). In the latter, an Au/Si(111) Schottky 
barrier is used as an analyzer for spin-dependent scattering of carriers 

Figure 15–32. BEEM on self-assembled quantum dots. (a) STM and BEEM images of an individual 
InAs/GaAs quantum dot under a polycrystalline Au base. (b) Comparison of BEEM spectra obtained 
by ballistic electron injection into an InAs dot and into the wetting layer between dots. (Reprinted 
with permission from Rubin et al., © 1996 by the American Physical Society.)
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in a Co/Cu/Co trilayer structure, used in spin-valve devices, inte-
grated on top of the Au base layer. Unpolarized carriers injected from 
an STM tip into this magnetic multilayer base will undergo spin-
dependent scattering in the ferromagnetic Co layers. In areas in which 
the Co layers couple ferromagnetically, only one spin component will 
be scattered heavily and a large fraction of unscattered carriers is 
transmitted across the Au/Si interface. If the magnetization direction 
of the two Co layers is misaligned, both spin components are strongly 
attenuated by scattering, causing a sharp drop in collector current.

5.2 Probing Buried Interfaces (II)—Quantum Size Effects

In BEEM hot carriers, locally injected into a metal/semiconductor het-
erostructure, are used to measure the transmitted current across a 
buried interface. Instead, carriers that impinge with energies below 
threshold and are refl ected back into the metal fi lm can also be con-
sidered. Due to the long mean free path, these carriers can set up 
standing waves in the metal fi lm. An STM tip, probing the evanescent 
tails into the vacuum, can then be used to image fringes due to inter-
ference of these electrons. The concept of electron interference in metal 
fi lms dates back to Jaklevic et al. (1971), and interference effects have 
been observed by angle-resolved photoemission, low-energy electron 
diffraction and low-energy electron microscopy.

An implementation of an STM experiment to probe interference 
effects in the system Pb/Si(111) is shown in Figure 15–33. Pb evapo-
rated onto a stepped Si(111) substrate forms (111)-oriented islands 
whose surface is atomically fl at. Due to the substrate vicinality, the Pb 

Figure 15–33. Electron interference in a Pb “quantum wedge” on Si(111). (Left) Geometry of the 
Pb wedge on a stepped Si(111) substrate. The Pb thickness varies in increments of roughly one Si(111) 
step height, giving rise to electron interference fringes in the direction of the substrate steps. (Right) 
Constant-current STM images (730 nm × 1100 nm) at −5 V (a) and +5 V (b) sample bias. The image 
obtained at positive bias shows apparent height changes at the surface of the wedge due to electron 
interference in the Pb fi lm. (Reprinted with permission from Altfeder et al., © 1997 by the American 
Physical Society.)
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island is wedge shaped, with a thickness that changes in integer mul-
tiples of the Si(111) step height from one substrate terrace to the next. 
While STM at positive sample bias, i.e., injection of electrons from the 
tip, images the atomically smooth Pb surface, STM images at opposite 
bias show bands of apparent terraces and steps, aligned with steps of 
the Si substrate, at the surface of the Pb wedge. These images, and 
associated tunneling spectra, are interpreted as signatures of quantum 
well states in the Pb wedge (Altfeder et al., 1997), and can be used to 
determine the position of subsurface steps as well as the position-
dependent absolute thickness of the Pb fi lm. Bands with constructive 
and destructive interference alternate with a thickness change d0 of one 
Pb(111) monolayer if d0 ≈ λF/4, where λF denotes the Fermi wavelength. 
Similar interference effects were also observed by STM for epitaxial 
silicide layers, such as CoSi2/Si(111) (Lee et al., 1994) and NiSi2/Si(111) 
(Kubby and Greene, 1992).

Strikingly, electron interference can even be used to image interfacial 
atomic structures buried under as much as 10 nm of metal. In the Pb/
Si(111) system, the (7 × 7) reconstruction of the Si(111) surface remains 
essentially intact upon low temperature evaporation of Pb, except for 
some intermixing by replacing Si adatoms by Pb (Altfeder et al., 1998). 
Due to the topology of the Fermi surface of Pb, in particular a large 
mismatch between the electron effective mass in in-plane and normal 
directions, the quantized electron states in the Pb fi lm can be used to 
map interfacial structure with a resolution of 0.6 nm for overlayer thick-
nesses exceeding 10 nm, or roughly 10 times the Fermi wavelength in 
the metal.

5.3 Imaging Buried Heterostructures—Cross-Sectional STM

The strong interest in low-dimensional semiconductor structures—
quantum wells, wires, and dots—has stimulated widespread activity 
in nanoscale imaging of electronic materials with reduced dimension-
ality. Recent efforts have focused on self-assembled quantum dots, 
generated by lattice mismatched heteroepitaxial growth. Semiconduc-
tor quantum dots with lateral size in the 10–100 nm range are readily 
imaged by STM if they are exposed as islands on a free surface. Con-
sequently, a large number of studies have been devoted to studying 
epitaxial growth and quantum dot self-assembly by conventional STM 
imaging. However, almost any technological applications of self-
assembled quantum dots require embedding in a matrix, often consist-
ing of the substrate material. The embedding process causes signifi cant 
modifi cations to the dots that include segregation and intermixing, 
shape changes, dopant redistribution, and adjustments to the local 
strain fi eld in the dot and in the surrounding material. All these 
factors make it desirable to image embedded rather than exposed 
nanostructures.

Cross-sectional STM (X-STM), originally demonstrated by Feenstra 
et al. (1987) for imaging and spectroscopy on (110) surfaces of III–V 
compound semiconductors, offers an elegant solution to this chal-
lenge. Semiconductors that cleave easily, as most III–V compounds do, 
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are used as a substrate for the growth of embedded self-assembled 
quantum dots. A sample is then cleaved in UHV, and STM imaging is 
performed on the cleavage face, typically a nonpolar (110) plane, which 
provides large step-free areas for atomic resolution imaging. In this 
geometry, X-STM gives access to subsurface structures over the entire 
thickness of the epitaxial layer and the underlying substrate.

X-STM has been used to image a variety of buried semiconductor 
heterostructures, such as superlattice structures in GaAs/AlGaAs 
(Salemink and Albrektsen, 1991), InAs/GaSb (Feenstra et al., 1994), and 
GaN/GaAs (Goldman et al., 1996), showing atomic-scale composition 
fl uctuations, interface roughness, lateral stain variations, and phase 
separation in these systems. The technique has seen a strongly revived 
interest with the advent of self-assembled quantum dots and quantum 
dot superlattices (Legrand et al., 1998). Specifi cally for the imaging of 
quantum dots, X-STM relies on the fact that the dots are small and form 
rather dense populations. Hence, a random cleavage will cut through 
a large number of these nanostructures and provide a cross-sectional 
view of their atomic structure on the cleavage plane (Figure 15–34).

Much of the power of X-STM imaging derives from the fact that bias-
dependent imaging provides chemical contrast on (110) cleavage faces 
of III–V compounds (Feenstra et al., 1987). Empty-state imaging gives 
atomically resolved maps of the cation sublattice and allows a direct 
identifi cation of atomic species, e.g., indium atoms in a GaAs matrix 
(Pfi ster et al., 1995). This electronic structure effect not only provides 
strong contrast to determine the shape of individual buried InAs 
quantum dots and their stacking in multilayer structures, but can also 
be used to quantify interface roughness, intermixing, and surface seg-
regation, near the dots and the wetting layer, with atomic precision.

To access this information in high-resolution images, a background 
subtraction has to be performed to remove topographic contrast of the 

Figure 15–34. Cross-sectional STM on self-assembled quantum dots. (Left) Illustration of the possible 
apparent geometries observed due to cleavage at random positions through quantum dots with pyra-
midal and truncated pyramidal shape. (Right) Filled-state constant-current STM of an InAs quantum 
dot embedded in GaAs. Part of the image in (a) is treated by a local mean equalization fi lter to accen-
tuate the atomic corrugations in the dot and the surrounding GaAs matrix, as shown in (b). (Reprinted 
with permission from Bruls et al., © 2002 American Institute of Physics; reprinted with permission 
from Gong et al., © 2004 Amercian Institute of Physics.)
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pronounced local deformation of the cleavage plane due to the relax-
ation of the strained dots and matrix (Davies et al., 2002). Conversely, 
when combined with modeling, the elastic relaxation at the free cleav-
age surface itself can be used to quantitatively determine the strain 
fi eld in and around individual dots.

Apart from the imaging of buried semiconductor quantum struc-
tures, an application of X-STM that has been receiving increasing atten-
tion is the mapping of electronic dopants for electronics (Figure 15–35) 
and, more recently, of magnetic dopants for spintronics applications. 
Buried substitutional Zn and Be acceptors in p-GaAs have been imaged 
as protrusions in fi lled-state constant-current STM via a contrast mech-
anism assigned to an increased local state density directly above a 
dopant (Johnson et al., 1993). Si donors at Ga sites (SiGa) in GaAs have 
been imaged on GaAs(110) as protrusions, a few nanometers in size 
and with discrete values of apparent height, superimposed on the 
background lattice. The observed contrast in fi lled-state constant 
current STM was attributed to a local perturbation of the near-surface 
band bending by the Coulomb potential of the SiGa. The discrete appar-
ent heights were interpreted as a consequence of a distribution of the 
donor atoms over fi ve subsurface layers beneath the cleavage surface 
(Zheng et al., 1994).

Deep acceptor states due to magnetic impurities in III–V semicon-
ductors, such as substitutional MnGa in GaAs, are expected to play an 
important role in the hole-mediated coupling between magnetic impu-

Figure 15–35. Imaging of individual dopants by X-STM. (a) Filled-state constant-current STM image 
(V = −1.6 V) of cleaved GaAs(110). Individual SiGa substitutional donors appear as protrusions of dif-
ferent apparent height. (b) Band diagram illustrating the electron tunneling process between a metal 
tip and the GaAs(110) surface in the presence of tip-induced band bending. The Coulomb potential of 
a donor ion locally alters the band bending, causing an increase in tunneling current above the donor. 
(Reprinted with permission from Zheng et al., © 1994 by the American Physical Society.)
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rities, and thus determine the magnetic properties of hole-mediated 
ferromagnetic semiconductors such as Ga1−xMnxAs, important for 
emerging spintronics applications. X-STM at room temperature was 
used to map the wave function of the hole bound to an individual Mn 
acceptor in GaAs (Yakunin et al., 2004). Via bias-induced changes to 
the local band bending, the acceptor could be imaged in both the 
neutral (US = +0.6 V) and ionized state (US = −0.7 V). The acceptor 
ground state has a highly anisotropic structure due to a signifi cant 
contribution of d-wave envelope functions, which is well-reproduced 
by simulated images based on a tight-binding model of the Mn accep-
tor structure (Tang and Flatté, 2004).

6 STM Image Simulation

Although STM is a very powerful experimental technique in its own 
right, geometric and spectroscopic contrast tend to be diffi cult to sepa-
rate, as discussed previously. In many cases, the unequivocal identifi -
cation of surface structures or of adsorption geometries requires a 
comparison of experimental STM images with contrast simulations. 
The conventional approach to STM image simulations follows a two-
step process. Relaxed atomic positions of candidate surface structures 
are calculated by ab initio theoretical methods, such as density func-
tional theory. The actual STM contrast is then computed using the 
Tersoff–Hamann theory of STM (Tersoff and Hamann, 1983, 1985). 
By combining bias-dependent atomic-resolution STM images with 
simulated images for various candidate structures, even completely 
unknown surface structures can in principle be “solved” on the basis 
of STM imaging alone. The diffi culty lies less with the microscopy than 
with the identifi cation of plausible candidate surface structures. In the 
past, this key step has typically been approached intuitively, i.e., by 
guessing structures based on minimizing the density of dangling 
bonds, starting from a truncated bulk structure. Recently developed 
systematic techniques, based on stochastic optimization, for generating 
comprehensive sets of candidate structures promise to become a pow-
erful tool for solving a wide range of surface structures by STM imaging 
and image simulation (Ciobanu and Predescu, 2004).

The Tersoff–Hamann theory, the basis of most STM image simula-
tions to date, provides a transfer matrix formalism to calculate the 
tunneling matrix element and tunneling current for realistic confi gura-
tions of tip and sample. For values of tip–sample separation typical in 
STM imaging (∼1 nm), the coupling between tip and sample wave func-
tions is weak, and the tunneling process can be treated by fi rst-order 
perturbation theory. Within this framework the tunneling current is 
given by
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where f(E) is the Fermi function, V denotes the tunneling bias, Mµv the 
tunneling matrix element between a tip state ψµ and a sample state ψv, 
and Eµ(v) the energy of state ψµ(v). In the second line, the Fermi function 
was replaced by a step function (zero-T approximation), and the limit 
of low tunneling bias has been assumed. If, after Bardeen (1961), the 
tunneling matrix element is written as a surface integral, and the 
sample and tip wavefunctions are expanded in plane waves, one 
obtains

 M
m

d a b e ev
z it

µ
κπ

= − ∫ − ⋅4 2 2�
q q q

q* q xt  (8)

Here q is the Fourier wavevector and aq, bq are expansion coeffi cients 
in the plane wave expansion of the sample and tip wavefunctions, xt 
and zt denote the lateral and vertical tip position, and κq is the decay 
constant. Given the wavefunctions of sample and tip, this expression 
provides the tunneling matrix element, from which the tunneling 
current can be calculated via Eq. (7).

In practice, a diffi culty arises from the fact that the atomic-scale 
geometry and chemical composition of the tip are unknown. Thus, 
assumptions have to be made as to the tip wavefunctions (i.e., bq). For 
an s-wavefunction of the tip (as for an ideal “point”–tip), the tunneling 
current is

 I E E E∝ ( ) −( ) ≡ ( )∑ ψ δ ρν rt tr
2

v F F,  (9)

i.e., is proportional to the local density of states of the sample at the 
Fermi energy, a property of the sample surface alone! For fi nite tun-
neling bias, V, the tunneling current can be written as an integral over 
the energy range between the Fermi energy EF and EF + V:

 I E E e V T E e V dEt
eV

= ( ) −( ) ( )∫ ρ ρt s
0

,  (10)

and the tunneling conductance at bias V is proportional to the posi-
tion-dependent density of states of the sample at energy eV from the 
Fermi energy

 dI
dV

e V T e V V
V

( ) ≈ ( ) ( ) ( )ρ ρS T 0 ,  (11)

Contrast calculations thus involve the computation of the position- and 
energy-dependent sample DOS to obtain simulated maps of tunneling 
conductance dI/dV(x,y) or tunneling current I(x,y).

Although originally derived for small voltages, as used for STM 
imaging on metals, with this extension the Tersoff–Hamann formalism 
can be applied to simulate images at higher bias as well, and has 
proven a powerful simulation tools for a wide range of imaging sce-
narios. Tromp et al. (1986) were the fi rst to show that it could be applied 
to semiconductor surfaces, as demonstrated by their successful contrast 
simulation for the Si(111)-(7 × 7) reconstruction. The systems simulated 
since then include surface structures of semiconductors (Fujikawa 
et al., 2002; Klijn et al., 2003), ultrathin insulators (Olsson et al., 2005), 
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as well as adsorbed atoms (Repp et al., 2004) and molecules (Olsson et 
al., 2003; Kühnle et al., 2002).

Figures 15–36 and 15–37 illustrate two of the numerous examples of 
this approach in the literature.

Shallow Ge quantum dots self-assembled during heteroepitaxy on 
Si(001) invariably have surface termination by (105) facets, with surface 
normal just 11° away from [001]. These (105) facets appear extremely 
stable, likely due to a low density of dangling bonds and additional 
strain stabilization by surface strain compensating for some of the 4% 
lattice mismatch strain between the Ge overlayer and the Si substrate. 
To calculate the surface energy, and thus explain the stability of the 
facet, a detailed knowledge of the surface structure is necessary. Dual 
bias constant-current STM combined with STM contrast calculations 
was used to identify a best match with one of two proposed structures 
of the (105) surface: “paired dimer” (Structure A) and “rebonded step” 
(Structure B) (Fujikawa et al., 2002). The STM contrast is clearly identi-
fi ed as that of a “rebonded step” structure, the structure that not only 
has the lowest dangling bond density but also causes tensile surface 
strain, key to the strain stabilization of the (105) facet.

Figure 15–36. Identifi cation of the surface structure of Ge(105). Empty- and 
fi lled-state constant-current STM images are compared with two candidate 
structures, the paired dimer Structure A and rebonded step Structure B (c and 
d). A Tersoff–Hamann calculation of the STM contrast for these two structures 
clearly shows that the experimental STM images arise from the rebonded step 
structure. (Reprinted with permission from Fujikawa et al., © 2002 by the 
American Physical Society.)
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Simulations of STM contrast of adsorbed molecules pose a somewhat 
different problem than simulations of surface structures. For solid 
surfaces, the combination of STM imaging with image simulation can 
discriminate between several candidate structures, as discussed in the 
previous example. For molecules, the structure is typically well known. 
However, the adsorption geometry (site, orientation) as well as the 
conformation for larger, more fl exible molecules enter as unknowns 
into the simulation. A relatively simple example is the stiff molecular 
cage structure of fullerene C60 (Hou et al., 1999; Pascual et al., 2000; Lu 
et al., 2003). In this case, the structure and conformation are well 
known, and the only parameter of the contrast calculation is the ori-
entation. A more complex system, Cu-tetra(3,5-di-tert butyl phenyl) 
porphyrin (Cu-DTBPP) on Cu(211), is illustrated in Figure 15–37.

Cu-DTBPP consists of a central porphyrin ring with four symmet-
rically attached di-tert-butyl phenyl (DTBP) groups (Figure 15–37a). 
These four bulky groups determine the shape of the molecule, which 
is imaged in STM as a four-leaf clover structure, and defi ne the interac-
tion with the metal substrate (Jung et al., 1996). The orientation of the 
side groups is the main parameter that needs to be optimized to deter-
mine the conformation of the adsorbed molecule, and to simulate the 
experimental STM images. Figure 15–37 shows several candidate con-
formations, with leg angles of 60° (b), 45° (c), 30° (d), and the optimized 
angle of 10° relative to the substrate (e), which was found to best repro-
duce the experimental STM image of the molecule.

Figure 15–37. Identifi cation of the molecular conformation of Cu-DTBPP on 
Cu(211). (a) Molecular model of Cu-DTBPP, with the four-lobed pattern 
observed by STM marked in yellow. (b–e) STM contrast calculation for differ-
ent angles between the four legs and the substrate: (b) 60°, (c) 45°, (d) 30°, and 
(e) 10°. (f) Experimental STM image of the molecule. (Reprinted from Moresco 
et al., ©2002 with permission from Elsevier.) (See color plate.)
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16
Atomic Force Microscopy in the 

Life Sciences
Matthias Amrein

He sees the face and the moving hands, even hears it ticking. If he is ingenious he may 
form some picture of a mechanism, which could be responsible for all the things he 
observes, but he may never be quite sure his picture is the only one that could explain 
his observations. He will never be able to compare his picture with the real mechanism 
and he cannot even imagine the possibility of the meaning of such a comparison.

Albert Einstein, describing a man trying to understand a closed watch.

1 Introduction

Cells are highly organized in compartments and functional units down 
to the macromolecular level. The frameworks of these functional and 
structural units are either protein complexes or complexes of proteins 
with nucleic acids or with lipids. The recently completed map of the 
human genome and the systematic mapping of the proteins expressed 
in tissues and cells (proteomics) are part of a concerted effort to rapidly 
advance the understanding of the functions of macromolecular units 
and the cell. But proteomics reveals only the basic inventory of a cell and 
the inventory is insuffi cient to explain the function of each element and 
the orchestration of the components. As with Einstein’s image of the 
closed watch, understanding life is inconceivable without observing the 
structures behind function. Microscopy plays an important role by 
placing the molecular elements into a structural context. Because the 
pace of discovery of these elements has been increased substantially by 
proteomics, the need for more sophisticated microscopy has also sub-
stantially increased in recent years. Atomic force microscopy (AFM) 
plays a specifi c role in life science microscopy by allowing imaging to be 
combined with locally probing functions of macromolecular elements.

Most microscopes depend on radiation, emitted and recorded at a dis-
tance from the sample, using lenses. The resolution power of these micro-
scopes in the life sciences is limited by diffraction and/or damage to the 
sample by the illuminating beam. In contrast, the scanning tunneling 
microscope (STM) has been the fi rst microscope to rely on an effect only 
present in the immediate vicinity of a physical probe and the sample. In 
an STM, an electrically conductive needle approaches the sample until 
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current fl ows. The current is based on a quantum-mechanical tunneling 
effect and fl ows before the tip and sample physically touch. During scan-
ning, the tip–sample distance remains constant by keeping the tunnel-
ing current constant. The movement of the tip relative to the sample 
refl ects the sample topography and is recorded. Not only has the atomic 
surface lattice structure been revealed for many crystalline samples, but 
also single atom defects imaged directly. The STM immediately created 
great interest among biologists because of its outstanding resolution 
power and the absence of radiation damage (Amrein et al., 1989, 1993; 
(Baró et al., 1985; Voelker et al., 1988; Guckenberger et al., 1989; 
Stemmer et al., 1989; Welland et al., 1989; Miles et al., 1990; Arscott and 
Bloomfi eld, 1993; Lindsay and Tao, 1993; Miles and McMaster, 1993). But 
the application of STM in the life sciences suffered from the poor electri-
cal conductivity of most biological matter, and reproducible images were 
obtained only after metal coating the specimens (Travaglini et al., 1987; 
Zasadzinski et al., 1988; Blackford and Jericho, 1991; Amrein et al., 1988, 
1989b, 1993). Nevertheless, early applications demonstrated the resolu-
tion power and high signal-to-noise ratio at the macromolecular level 
offered by the new microscopy. Although unintentional at fi rst, it also 
became clear that the probe could be used to manipulate macromolecu-
lar structures individually (Figure 16–1).

The basic principles of the STM were soon extended to form a suite 
of new devices, the scanning probe microscopes (SPM). For all SPM, a 
physical probe is scanned over the sample in nanometer distance at 
most. Sample properties are mapped from a very small interaction 
volume in the near fi eld of the sample and the probe. The meaning of 
the term of near fi eld is different for the various types of SPM. In an 
AFM, short-range forces between a tip and the sample take the role of 
the tunneling current in the STM, thus making the new paradigm 
applicable to electrically nonconductive samples. This is how AFM 
gained ground in the life sciences.

The direct measurement of the position of the surface means that the 
achieveable resolution is not limited by the environment—the AFM 
lends itself well to imaging molecular and cellular specimens under 
physiological conditions, in buffer. In many cases, the sample prepara-

Figure 16–1. STM topographies of Rec-DNA complex (left) and an aberrant bacteriophage capside 
(right). In the upper right corner, a hole has been created applying a voltage pulse between the tip and 
the sample. Both images immediately reveal the molecular arrangement of the respective complex 
structure. (Left, from Amrein et al., 1988, reproduced with permission. Right, from Amrein et al., 1998b, 
reproduced with permission.) (See color plate.)
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tion is very straightforward, and at a basic level requires only the 
immobilization of the sample to be imaged. In the case of adherent 
cells, for instance, the sample can be imaged directly without any 
special preparation. The local measurement at the sample surface also 
allows direct quantitative measurement of dimensions and forces. In 
addition to the topographic image that is built up by scanning the tip 
over the surface, AFM can simultaneously probe the mechanical prop-
erties of the surface, by dynamically oscillating the cantilever that 
supports the tip. Tip–sample adhesion can also be probed, and maps 
of surface (visco)elasticity or adhesion built up. One application is to 
coat the tip with appropriate molecules, such as antibodies, other pro-
teins, or sugars to generate maps of specifi c ligand–receptor binding 
over the surface. The AFM is also well suited to combination with other 
techniques—a combination with optical microscopy is often particu-
larly worthwhile for life science research. Other techniques, such as 
electrochemistry or electrophysiology, can also be used simultane-
ously, and in situ probing of cell response to electrical, chemical, or 
mechanical stimulation is possible.

The foundation of AFM in the life sciences has now been laid by a 
profound understanding of the interactions between the tip and the 
sample and the possibility to subtly control the interactions by choos-
ing an appropriate sensor and by adjusting the imaging environment 
(Weisenhorn et al., 1992; Butt et al., 1995; Heuberger et al., 1996).

To appreciate the contribution of AFM to the life sciences, it is neces-
sary to consider it in relation to other microscopy techniques currently 
in use. In the realm of single molecules, the motivation for using AFM 
comes mainly from the high resolution achievable and the direct (real-
space) measurement of samples without coating. Most of the knowledge 
so far gained by AFM in the life sciences comes from studying single 
macromolecules or macromolecular complex structures. Biological 
membranes, for example, can be imaged in their native state at a lateral 
resolution of 0.5–1 nm and a vertical resolution of 0.1–0.2 nm. Conforma-
tional changes that are related to functions can be resolved to a similar 
resolution. In the study of macromolecular structure, AFM competes 
with transmission electron microscopy. In many cases, the outcome is 
comparable and either microscope can be used with equal success. For 
example, measuring the contour length of a plasmid DNA or determin-
ing the binding site of a protein to a DNA may be performed by either 
microscope. However, solving the three-dimensional structure of mac-
romolecules or macromolecular complexes that cannot be solved by X-
ray crystallography or by nuclear magnetic resonance (NMR) is better 
accomplished by (cryo)electron microscopy, because AFM reveals only 
a topographical view of the structures. On the other hand, when a 
molecular assembly is not highly defi ned structurally and individual 
units differ from each other substantially, AFM may allow a specifi c 
question to be answered in a straightforward manner, because of its 
uniquely high signal-to-noise ratio at molecular dimensions.

The strength of AFM does not lie in imaging alone, but in the possi-
bility of combining microscopy with an experiment at the molecular 
level. In a number of cases, molecular images have been obtained with 
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suffi cient resolution to individually recognize single macromolecules 
and then address the molecules individually with the stylus of the 
AFM (Figure 16–2).

Most prominently, single molecule force spectroscopy combined 
with single molecule imaging has provided unprecedented possibili-
ties for analyzing intramolecular and intermolecular forces including 
the study of the folding pathway of proteins. Probing the self-assembly 
of macromolecular complexes and measuring the mechanical proper-
ties of macromolecular “springs” are other examples in which AFM 
has made substantial contributions in the life sciences.

Imaging living cells with AFM is also performed in conjunction with 
local probing of the sample. The images by themselves usually are used 
only to obtain proper experimental control. The extreme fl exibilty of 
the cell membrane means that the images often show a combination of 
the cell topography with the mechanical stiffness of cytoskeletal fi bers 
and vesicles below the cell surface. An important example for a mean-
ingful application of AFM in living cells is the measurement of the 
constrained diffusion of elements of the plasma membrane. These mea-
surements have substantially contributed to establishing the nature of 
lipid rafts. In other applications, the cellular response on defi ned 
mechanical stress has been studied in conjunction with hearing or with 
the myogenic effect (Figure 16–3).

Future applications and future instrument developments in life sci-
ences AFM are certain to capitalize even more strongly on performing 
local spectroscopy or manipulation of samples at the nanoscopic scale 
in addition to imaging. Such experiments will certainly extend the 
possibilities of probing function directly in many ways. But future 
AFM technology might also contribute to revealing the spatial relation-
ships of the macromolecules of cells and tissues. Today, immunohisto-
chemistry and immunocytochemistry are mostly in use to establish 
these structural relationships in cells and tissues. This implies that 
macromolecular identity is revealed only after labeling. However, the 
number of different proteins and other macromolecules at work at any 
time in a cell makes it inconceivable to extend this approach to deter-
mine even a substantial subset of all of its macromolecular relation-

Figure 16–2. The ATP synthase is a proton-driven molecular motor with a 
stator (seen here) and a rotor. Simply counting the number of individual pro-
teins inside the ring structure has not been possible from electron micrographs. 
(From Seelert et al., 2000, reprinted with permission.)
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ships by current techniques. AFM might offer a means to overcome the 
need for labeling. It has recently been demonstrated that thin sections 
of fi xed and embedded tissue and cell samples make the cell’s interior 
accessible to AFM. High-resolution cell images give a clear picture of 
the cell’s ultrastructure, sometimes down to the molecular level. 
Although AFM will not likely allow identifying macromolecules by 
their shape, it could be combined with powerful local spectroscopy. It 
is tempting to speculate that spectroscopy might then enable micro-
scopy to identify macromolecular specimens under the tip directly 
(Figure 16–4).

Figure 16–3. Neuronal cell, cultured on an electronic chip. The chip is 
designed such as to pick up an action potential of the cell. The image demon-
strates proper tracing of the cell surface. In a future application, an appropri-
ately designed stylus might be used as an additional electrode to excite or 
record an action potential at any location of the cell body or a process of the 
neuronal cell. (See color plate.)

Figure 16–4. AFM image of the block face surface (left) and TEM image of an 
ultrathin section (right) from the nematode Caenorhabditis elegans embedded 
in epoxy resin. Scale bars equal 500 nm. Arrows point to actin fi laments, 
m, mitochondria; G, gut. (From Matsko and Mueller, 2004, reprinted with 
permission.)
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In the following section, AFM and its elements are described. The 
basics for preparing macromolecular and cellular samples are then 
described. Finally, a few select examples highlight AFM experiments, 
in which a combination of imaging with sample manipulation has been 
used to understand macromolecular or cellular function. A compre-
hensive review all AFM applications in the life sciences is beyond the 
scope of this chapter.

2 Instrumentation and Imaging

2.1 Introduction

In AFM, the topology of the sample is traced by a sharp stylus that is 
scanned line by line over the sample. For most setups, the stylus is 
sitting at the free end of a cantilever spring. Every elevation on the 
sample causes the stylus to move up and bend the cantilever upward 
and every depression makes the lever move down. Stylus and cantile-
ver are usually microfabricated from silicon or silicon nitrite. The can-
tilever is typically a fraction of a millimeter long and a few micrometers 
thick. The softer the specimen, the softer the cantilever spring should 
be for it to trace the sample surface rather than deform it. The shape of 
the stylus is crucial too. It may be tetrahedral or extended, with a high 
aspect ratio, depending on need. The radius of curvature at the apex 
of the stylus may be as small as 2 nm (the apex of the stylus is also 
referred to as the tip) (Figure 16–5).

Accurate measurement of the defl ection of the cantilever is the basis 
for accurate measurement of the sample topology. It also allows proper 
control of the loading force of the stylus onto the sample. It turns out 
that this latter aspect is particularly important in life science applica-
tions of AFM (see below). The fi rst AFMs used an STM behind the 
cantilever to measure the defl ection. Defl ection has also been mea-
sured by the change in electrical capacitance between the cantilever 
and a reference electrode, or by means of a piezoresistor integrated 
with the cantilever (Tortonese et al., 1993). Most AFMs now use an 

Figure 16–5. The elements of 
an AFM.
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optical pointer to measure cantilever defl ection. This detection system 
is fully adequate as it poses no limitation to AFM resolution.

In the optical pointer detection, a laser beam is focused onto the back 
of the free end of the cantilever (Figure 16–5). The laser beam is then 
refl ected off the cantilever onto a four-segment photodiode. Prior to 
imaging, the four-segmented laser diode is moved until all four seg-
ments are equally illuminated. For imaging, the stylus is then loaded 
onto the sample. This causes the free end of the cantilever to bend 
upward and the laser beam now illuminates the two upper segments 
more strongly. The signals from the two upper segments of the diode 
are compared to the two lower segments [(A + B) − (C + D)] to derive 
the amount of defl ection of the lever in the z direction. The load is 
preset by the user, depending on the application and is related to the 
defl ection of the cantilever:

 F = c ⋅ ∆S

∆S is the defl ection in the z direction and c is the spring constant of 
the cantilever. The force is typically selected within the range of less 
than 100 pN to a few nanonewtons, depending on the application.

In operation, the cantilever is defl ected from the preset value by the 
sample topology and the refl ected laser beam is moved up or down. 
The original defl ection is then restored via a feedback loop by a motion 
of the scanner perpendicular to the sample plane (referred to as the z 
direction). The position of the scanner with respect to the tip is recorded 
and used as the AFM topographical image.

Torsion of the cantilever may also occur during scanning, when the 
tip is experiencing friction with the sample. When the cantilever is 
becoming twisted, the laser beam is moved sideways. The amount of 
torsion and, hence, friction is then derived from comparison of the 
signals from the two right and two left segments of the photodiode 
[(A + C) − (B + D)]. Maps of local friction are used to reveal materials 
contrast in addition to the topographical image.

In dynamic AFM modes, the cantilever is oscillated and the ampli-
tude and phase of the oscillation are monitored using the laser signal 
on the photodiode rather than a static defl ection.

An AFM does not necessarily need to be based on a cantilever at all. 
In an instrument combining AFM topographical imaging with near-
fi eld optical imaging (the scanning near-fi eld optical microscope, 
SNOM or NSOM), a tapered optical fi ber is used as the stylus in most 
current instruments. It is oscillated parallel to the sample. Dampening 
of this oscillation is used as the feedback signal. In another alternative 
setup to the cantilever-based AFM, the sample is mounted on the 
membrane of an electret microphone and the output of this micro-
phone is used for feedback. This setup performs equally well as the 
more traditional cantilever setup (Figure 16–6).

In addition to a highly sensitive probe, AFM depends on a precise 
scanner. The scanner is attached either to the probe or the sample. It 
allows the sample to be scanned with respect to the stylus in the plane 
of the sample (referred to as the x,y plane) and adjusting the relative 
height of the sample and the probe (referred to as the z direction) with 
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subatomic precision (Amrein et al., 1997). AFM scanners are made of 
voltage-driven piezoceramic elements.

AFM imaging is a mechanical process, usually operated in a closed 
feedback loop. Even an apparently crisp, high-resolution topographical 
image need not necessarily refl ect the true sample topography. The 
faithfulness of the topographical images depends on the properties of 
the feedback loop, the tip and sample geometries, and on how much 
the sample deforms upon imaging. Eventually, the accuracy of the 
topographical images is limited by noise (Figure 16–7). Each of these 
aspects is discussed below. Also discussed is how development of 
AFM technology might lead to improved instrument performance.

Figure 16–6. Actin fi laments (left) and an archebacterial S-layer (HPI-layer, right) imaged with an 
AFM based on an electret sensor, rather than a cantilever sensor (Schenk et al., 1994, 1996).

Figure 16–7. The faithfulness of an AFM topographical image depends on the 
sample and tip geometries, the sample deformation, the quality of the mechan-
ical feedback loop of the instrument, and noise.
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2.2 Geometry of the Stylus

When the stylus moves over a sample, the effective point of contact of 
the tip with the sample also changes. The topographical image is, col-
loquially speaking, convoluted with the tip geometry. The early days 
of AFM (and STM) were plagued by ill-characterized tips. Multiple 
whiskers created images that contained the same object multiple times 
(Figure 16–8). For a blunt stylus, each prominent object of the sample 
resulted in a local image of the tip itself rather than the local sample 
topology, and the overall appearance of such images has been cloudy. 
Because both the tip geometry and the sample topology matter, high-
resolution images were sometimes obtained with an apparent blunt tip 
for very fl at samples. This is because even the bluntest of tips has a 
rough surface, being covered with fi ne asperities.

Commercially available cantilevers now come with a well-
characterized stylus and the apex may have a very small radius of cur-
vature. The shape of the stylus needs to be selected with the sample in 
mind. Biological membranes or two-dimensional arrays of proteins with 
little overall height variations, for example, are well imaged by a pyramid-
shaped stylus that ends in an apex of small radius of curvature, whereas 
a sample with prominent topology with steep fl anks needs to be scanned 
by an elongated, needle-like stylus of high aspect ratio. During imaging, 
even a well-characterized, sharp stylus may become mechanically 
damaged or may pick up contaminate that renders it blunt. In these 
cases, the probe needs to be cleaned (e.g., by washing in ultrapure water, 
containing a detergent). If not successful, it has to be replaced.

When selecting an appropriate stylus, not only the expected sample 
topology must be considered. The sample compliance is an equally 
important aspect as a sharp tip may strongly deform a soft sample. 
This aspect is described below.

2.3 Tip–Sample Interaction

The tip–sample interactions need to be considered carefully, because 
they infl uence critically the success of the experiments. In AFM, most 
of the time the stylus is loaded onto the sample either intermittently 
(referred to as intermittent contact mode or tapping mode) or con-

Figure 16–8. A single active fi lament, imaged with a single tip (left) and after 
the tip has become a triple tip (right).
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stantly (contact mode; see below). This is achieved by approaching the 
probe and sample and bending the cantilever until the desired loading 
force is achieved.

In addition to the loading force, exerted by the cantilever spring, 
there are additional forces FStSa acting between the sample and the 
stylus (see below). They may be repulsive or attractive. An attractive 
force makes the effective load of the tip onto the sample greater than 
what would be assumed from the bending of the cantilever. A repul-
sive force that acts prior to physical contact reduces the effective load 
of the tip onto the sample. The total loading force of the tip onto the 
sample becomes

 F = c ⋅ ∆S + FStSa

where ∆S is the defl ection of the cantilever and c is the spring constant 
of the cantilever.

Evaluating these interactions may be pursued by acquiring force-
versus-distance curves (referred to also as “force spectroscopy”). 
Thereby, the tip is approached to the sample and the defl ection of the 
cantilever recorded as a function of the vertical position of the scanner 
with respect to the sample. The defl ection of the cantilever can then be 
converted into a force using the spring constant of the lever (Figure 
16–9).

2.3.1 Sample Deformation
When physical contact of the tip and the sample is established, the 
sample will deform until the contact area has suffi ciently increased 
such that the load is accommodated (Figure 16–10).

The deformation strongly determines the resolution and trustwor-
thiness of AFM imaging and must therefore be considered carefully. 

Figure 16–9. Force versus distance curve. For the example shown here, the tip fi rst experiences a 
long-range repulsive force upon approaching the sample, even before the tip and sample are in physi-
cal contact. Close to the sample, the tip becomes strongly attracted by the van der Waals force. In this 
instance, the attractive force gradient becomes greater than the force gradient by the cantilever spring. 
This causes the tip to snap into physical contact with the sample (the perpendicular part of the 
approach curve). Once physical contact has been made, the cantilever is defl ected linearly by the 
approaching scanner. On the way back, the tip may stick to the sample by adhesion until the pull by 
the cantilever forces it out of contact.
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There are a number of models that relate the deformation of a solid 
body to the loading force of a stylus. According to Sneddon (Heuberger 
et al., 1996), for example, the repulsive force F for a stylus being loaded 
onto a solid, homogeneous body is

 F
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R
R
R
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where Es is the Young’s modulus, νs is the Poisson’s ratio of the sample, 
and R is the apex radius of the stylus (the deformation of the stylus is 
neglected). With increasing loading force, the radius η of the contact 
area between the tip and the sample increases. The penetration 
depth σ of the tip and the radius of the contact area η are related as 
(Heuberger et al., 1996):

 σ η η
η

= +
−







1
2

ln
R
R

Hence, for highest resolution, macromolecular samples need to be 
imaged at minimal load. Under optimal conditions, subnanometer 
scale resolution has been obtained on protein samples (Schabert and 
Engel, 1994); for a review, see Engel and Müller (2000). Müller et al. 
found on a two-dimensional regular array of the protein bacteriorho-
dopsin that at a load exceeding about 100 pN, the resolution dropped 
and the molecules became deformed vertically and laterally (Müller 
and Büldt, 1995). Because the atomic structure of bacteriorhodopsin 
is known, the change in topography could be assigned to a distinct 

Figure 16–10. Parameter plot of the loading force F versus the penetration 
depth σ for three different radii of curvature of the apex R and for two types 
of differently stiff samples. A Young’s modulus of 0.1 GPa might refl ect a living 
cell; 1 GPa could be ascribed to a protein structure. The plot shows that even 
at a very low force, a sharp stylus dives right into the softer sample. It is there-
fore crucial to select the right kind of an apex radius for each application.
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conformational change of the protein upon the higher load (Figure 
16–11).

A convenient way to detect sample deformation upon too high a load 
comes from comparison of images from trace and retrace (Hoh et al., 
1993; Müller et al., 1996; Schabert and Engel, 1994). Trace and retrace 
refer to the line-by-line motion of the scanner. All commercial AFMs 
allow two individual images to be acquired, one using the line traces 
when the stylus moves from left to right and the other one using the 
traces on the way back.

The actual load leading to high-resolution images might be even 
smaller than expected from the force setting of the microscope. Yang 
and co-workers (1996) proposed that short-range interactions with a 
local asperity give rise to high-resolution contrast while longer-range 
interactions with blunter parts of the tip help support the load of the 
tip in contact with the sample. Muller et al. (1997) have argued that in 
solution, the long-range force required for repulsion of the body of the 
tip is electrostatic. They adjust the supporting electrolyte so that the 
asperity just touches the sample lightly.

To obtain details of living cells and tissues by AFM, a meaningful 
image is often obtained only after a loading force of a few nanonew-
tons has been applied. Such high loads lead to deformation of the cell 
up to several hundred nanometers (Hoh and Schoenenberger, 1994). 
The cell membrane is then pressed onto intracellular structures such 

Figure 16–11. Force-dependent surface topography of bacteriorhodopsin 
(scale bar represents 10 nm) demonstrating the effect of force variations on the 
topography of the cytoplasmic purple membrane surface. The initial force of 
300 pN (bottom of image) was decreased during the scan to 100 pN (top of 
image). A conformational change is distinct: donut-shaped bacteriorhodopsin 
trimers transform into units with three pronounced protrusions at their 
periphery. Inset: noise reduced image at higher magnifi cation (scale bar rep-
resents 4 nm). (Courtesy of Müller and Büldt, 1995).
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as the nucleus, cytoskeletal elements, and vesicles, which in conse-
quence become visible (Chang et al., 1993; Fritz et al., 1994; Hoh and 
Schoenenberger, 1994). In these cases, the AFM images refl ect the local 
plasticity of the living cells more than their true surface topography.

2.3.2 Forces between the Apex of the Stylus and the Sample
A van der Waals force FvdW is always present between the tip and 
the sample. The main contribution to FvdW is the dispersion force, 
caused by the dipole-induced dipole interaction and is present 
between all kinds of materials. The Lifshitz theory, a combination of 
quantum electrodynamics theory and spectroscopic data allows 
the forces between two geometrically shaped surfaces to be calculated. 
In the case of a fl at surface (representing the sample) and a sphere 
(being used as an approximation for the apex of the stylus) FvdW is 
(Israelachvili, 1991)

 F
H R
d

vdW
a= −

6 2

where R is the radius of the tip (radius of the tip apex) and d is the 
distance between apex and sample. Ha represents the Hamaker con-
stant, which characterizes the interaction of the two surfaces (media) 
across a third medium. For example, for two mica surfaces in water Ha 
is 2.2 × 10−20 J and for two silicon oxide surfaces in water Ha is 8.3 × 10−21 J 
(Israelachvili, 1991). For hydrocarbons in water, Ha lies between (0.2 − 1) 
× 10−20 J (Butt, 1992). The van der Waals force between particles is 
always attractive in air and attractive for most situations in an aqueous 
solution.

When imaging in aqueous solution, additional interactions between 
the apex of the stylus and the sample need to be taken into account. 
Many of the commonly used supports and probes as well as most bio-
logical samples are charged in an aqueous environment. This is because 
they usually carry weak acidic and basic functional groups. They dis-
sociate in an aqueous solution, according to their equilibrium con-
stants. The net charge density of a surface in water depends on the 
density of the functional groups, their pK values, and the pH of the 
buffer solution.

The DLVO (Derjaguin, Landau, Verwey, Overbeek) theory quantita-
tively describes the total force between charged interfaces in aqueous 
solution. It considers the electrostatic double-layer interaction caused 
by surface charges and the van der Waals forces and neglects entropic 
or steric contributions. Unlike the van der Waals interaction, the electri-
cal double-layer repulsion depends on the sign and magnitude of the 
surface charge density, the ion concentration, and the pH. A charged 
surface attracts counterions in the water. At the solid–liquid interface, 
a charge cloud on the order of molecular dimensions is created as a 
transition region. In this so-called electrical double layer (EDL) the 
counterions balance the charge of the surface. The density of the 
charges surrounding the surface falls off exponentially with distance 
z from the surface (Debye–Hückel approximation):

 ψ = ψ0e−z/λD
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ψ0 represents the potential at the surface. The Debye length λD is the 
thickness of the EDL:

 λ ε ε
D

e=
∑
0

2 2

kT
e c qi

i
i

where ε0 represents the vacuum permittivity, εe the dielectric permit-
tivity of the electrolyte, k the Boltzmann constant, T the absolute tem-
perature, e the unit charge, and ci the concentration and qi the ionic 
charge of the ith component of the liquid. Note the strong dependence 
of the double layer thickness on the valence of the ions.

If the tip and the sample are approaching each other, the electrical 
double layers of the two interfaces become perturbed when they begin 
to overlap (Figure 16–12). This results in a force that is known as the 
double layer force Fel. Fel decreases exponentially with distance d 
between the two surfaces. For a stylus with an apex radius of curvature 
of R and a planar sample (at a surface potential <50 mV) (Butt, 1992):

 F
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e d
el

D D= −4 1 2
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π σ σ λ
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where σ1 and σ2 represent the surface charge density of the stylus and 
the specimen, respectively, ε0 is the vacuum permittivity, εe the dielec-
tric permittivity of the electrolyte, and d the distance between the two 
surfaces. This equation is a simplifi cation of any real situation. At a 
distance much below λD, it is necessary to resort to numerical solutions 
for which there are no simple expressions.

In addition, when the two charged surfaces approach each other, the 
local ion concentration also changes. This means a shift in the equilibrium 
conditions of the charged groups with the ions in solution. Hence, the ion-
izable functional groups of the surface may become neutralized for fi nite 
dissociation constants, according to the new equilibrium conditions, and 
the surface charge density is decreased. This phenomenon is called charge 
regulation and causes a less strong repulsive force for surfaces charged 
with similar sign than would occur without charge regulation. Fel can even 
become attractive at very small distances (Israelachvili, 1991).

Figure 16–12. Specifi c interaction of ions at solid–liquid interfaces. The sur-
faces are negatively charged. (Left) The ions produce an interfacial region of 
excess solute concentration, the electrical double layer, which consists of the 
Debye layer and the counterions bound at the surface (Helmholtz layer). 
(Right) Two negatively charged surfaces at very small separation. The ion 
clouds of the electrical double layer overlap and cause a repulsive force 
(Amrein and Müller, 1999). (From Mueller et al., 1997a, reprinted with 
permission.)
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To evaluate the overall force that is relevant for the interaction 
between the stylus and the sample, the electrical double-layer force and 
the van der Waals force are summed up to the total DLVO force (FDLVO) 
(Figure 16–13).

 F
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For high-resolution imaging, the electrical double-layer repulsion 
may have to be reduced such that the stylus can effectively come in 
physical contact with the sample rather than “riding” on the electrical 
double layer. This can be achieved by increasing the (bivalent) ion 
concentration (Butt 1991, 1992; Butt et al., 1995; Ducker et al., 1991).

There are a number of interactions that need to be considered in 
addition to the above-mentioned DLVO force, including steric, hydro-
phobic, and hydrophilic interactions.

When the microscopy is performed in air, there is often a water 
bridge occurring between stylus and sample. This is because under 
ambient conditions, most surfaces are covered by a thin water layer. 
The resulting meniscus force may be quite strong (e.g., in the order of 
10−7 N) and may pull the tip effectively onto the sample. This will result 
in poor resolution and may even cause damage to the sample and 
stylus. It is notable that the van der Waals interaction in air is usually 
about an order of magnitude stronger than in an aqueous environment. 
The detrimental effects occurring in air through these forces may par-

Figure 16–13. Force versus distance curves showing the DVLO force between 
a silicon nitride cantilever and a mica surface under varying pH conditions 
and at fi xed ion concentration. Mica is naturally negatively charged at neutral 
pH, less charged at low pH, and increasingly charged at higher pH. At low 
surface charge, the van der Waals attraction dominates and causes the tip to 
snap onto the sample. At higher charge, the van der Waals attraction becomes 
increasingly screened by the repulsive electrical double layer repulsion. (From 
Butt, 1992, reprinted with permission).
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tially be overcome by choosing an appropriate imaging mode (inter-
mittent contact mode, see below). The properties of the stylus may also 
be changed to avoid formation of a water bridge between sample and 
tip. Knapp et al. (1995) have established a method for rendering the 
Si3N4 probes hydrophobic. The probes became coated with a Tefl on-like 
polymer through glow discharge in a hexafl uoropropene (HFP, Hoechst 
AG, Frankfurt, Germany) atmosphere (Guckenberger et al., 1994; Knapp 
et al., 1995).

2.4 The Feedback Loop of the AFM

During scanning, the sample topology causes the stylus to move up or 
down and the cantilever is defl ected accordingly. The defl ection is 
measured by means of the optical pointer and compared to the set 
point in the regulator. The set point represents the loading force chosen 
by the user. Deviation from the set point is relayed to the driver of the 
scanner and the height of the sample with respect to the stylus is read-
justed, etc. Hence, the scanning process translates the sample topology 
into a time-dependent signal. The signal may be decomposed (by the 
Fourier transform) into a spectrum of sine waves. Each sine wave of 
the spectrum is distinct based on its amplitude and frequency. The 
smaller the features are in the plane of the sample and the faster the 
probe is scanned over the sample, the higher the frequencies. The taller 
the features of the sample, the higher the amplitude of the respective 
frequencies. Each frequency is also distinct by its phase. The phase 
describes how much one sine wave is shifted with respect to all other 
sine waves. The quality of the feedback loop refers to how accurate 
phase and amplitude is relayed through feedback loop as a function 
of the frequency.

The feedback loop is only able to respond adequately up to a certain 
speed (frequency). Above that speed, the stylus does no longer trace 
properly the sample topology or the feedback becomes unstable. When 
the probe is scanned fast over the sample, for example, the speed of 
the feed-back loop may be too low to adjust the tip to sample distance 
in time. This results in variable and at times high interaction forces 
(Weisenhorn et al., 1993).

The quality of the feedback loop with respect to speed and accuracy 
depends on the quality of its elements. The elements of the feedback 
are the regulator, the cantilever spring, the scanner element that moves 
the sample up and down, and also the interaction between the sample 
and the apex of the stylus and the sample topology itself (Figure 
16–14).

2.4.1 Stability of the Feedback Loop
Each element of the feedback loop has its own transfer function or 
frequency response. It amplifi es the signal in a frequency-dependent 
manner. Moreover, it relays the signal with a delay. A given delay 
relates to a larger and larger phase shift with increasing frequency. The 
phase shifts from all elements add up. At a certain frequency the total 
phase shift will have become too large and causes the feedback loop 
to react in the wrong direction, i.e., instead of moving up, the scanner 
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would move down, etc. Only the frequency range below this limiting 
frequency must be used for imaging. The higher frequencies must be 
suppressed by an appropriate setting of the regulator. Otherwise, the 
feedback loop will oscillate. Because the frequency response of the 
feedback loop may be different for each new sample and probe and 
may even change during imaging, the regulator needs to be regularly 
adjusted by the user. Most of the time, the regulator allows the ampli-
tude for all frequencies to be adjusted proportionally (P-regulator) and 
in a frequency-dependent way (integral-regulator).

The bandwidth (the usable frequency range) of an AFM is usually 
limited either by the scanner or the probe in contact with the sample. 
The optical pointer and the regulator should not pose a limitation to 
speed or accuracy of the feedback loop.

2.4.2 Elements of the Feedback Loop
2.4.2.1 The Scanner
Subatomic-precision scanners are the key to the success of STM, AFM, 
and nanotechnology in general. Such scanners are based on piezo-
ceramic elements. They defl ect in an electrical fi eld. Within a certain 
range, the defl ection is approximately linear to the applied voltage. A 
scanner is characterized by its scan range (x,y), the z range, and the 
frequency response. The scan range of the actuator limits the size an 
image can have. The z range puts a limit on the maximum specimen 
corrugation the scanner can trace. The fi rst scanners used were tripods, 
with each leg representing one axis of space (Binnig and Rohrer, 1982). 
Actuators used today in AFM are often made of single piezoceramic 
tubes (Binnig and Smith, 1986). The bending of the tube allows the 
probe or the sample to be moved in two dimensions (on approximately 
a spherical surface). The length adjusts the sample-to-probe distance. 
Piezoceramic tube scanners are superior in many respects to piezo-
ceramic tripods that were used in the beginning of SPMs. The tube 
scanners are symmetrical with respect to the z axis and therefore are 

Figure 16–14. The feedback loop of the AFM. The boxes symbolize the fre-
quency response of the elements of the loop.
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less susceptible to thermal drift. They can be made much smaller to 
obtain a scan range similar to the tripods. Most recent microscopes 
also have scanners with an open frame for access from above and 
below the sample. In these cases, the x,y scanner is separate from the 
elements moving the scanner up and down.

The frequency response determines how fast the actuator can 
respond to an applied voltage. Today’s scan units are a compromise 
with respect to these properties. On the one hand, a high range and 
sensitivity are accomplished by increasing the size of the actuators; on 
the other hand, larger scanners are slow to react. The bandwidth (i.e., 
the usable frequency range) of the scanner is limited by its fi rst mechani-
cal resonant frequency (also natural frequency) in the z direction and 
this depends on the size and shape of the element as well as material 
properties (Table 16–1). An almost linear relation between an applied 
voltage and the defl ection is achieved only when the actuator is used 
well below its resonant frequency. Close to the resonance, the sensitiv-
ity rises sharply and, even more important, the defl ection becomes 
increasingly delayed with respect to the driving voltage (i.e., there is a 
negative phase shift between the driving voltage and the defl ection). 
As discussed above, too much of a delay is not acceptable, because the 
probe could then no longer trace the relief of a specimen in real time.

To date the scanner is usually the slowest element in the feedback 
loop of the AFM. It thus determines the bandwidth of the whole instru-
ment. From this condition a slow scan speed results and, hence, a long 
image acquisition time that not only can make the SPM a tedious task, 
but also puts a corresponding limit on the time domain for the observa-
tion of dynamic events. This is surprising, since there are ways to 
strongly increase the bandwidth of AFM by a faster scanner without 
limiting the scan range in any direction (Figure 16–15).

2.4.2.2 The Probe and the Sample
The dynamic response of the probe is more diffi cult to understand than 
the frequency response of the scanner. Prior to establishing contact with 
the sample, the probe (cantilever) may be treated as a beam with one 
end fi xed and one end free. Establishing the frequency response is 
straightforward, as described in Table 16–1. The smaller and the stiffer 
the cantilever, the higher its fi rst resonant frequencylies. Note that the 
frequency response of a free cantilever is always established prior to 
imaging in the intermittent contact mode (tapping mode). However, 
after establishing contact, the beam is in an intermediate state between 
a beam with both ends fi xed and one end fi xed. Moreover, contact to the 



 Chapter 16 Atomic Force Microscopy in the Life Sciences 1043

T
ab

le
 1

6–
1.

 N
at

u
ra

l 
fr

eq
u

en
ci

es
 f

or
 t

h
e 

el
em

en
ts

 o
f 

a 
sc

an
n

er
.a

 
N

at
u

ra
l 

fr
eq

u
en

cy
 (

H
z)

 
L

on
gi

tu
d

in
al

 
L

at
er

al
 

T
or

si
on

al

B
ea

m
 w

it
h

 q
u

ad
ra

ti
c 

cr
os

s 
se

ct
io

n
: o

n
e 

en
d

 fi
 x

ed
 

(E
 =

 Y
ou

n
g’

s 
m

od
u

lu
s,

 r
 =

 d
en

si
ty

, 
f

L
E

z
=

1 4
ρρ

 
f

a L
E

xy
=

0.
16

15
2

ρρ
 

L
 =

 l
en

gt
h

, a
n

d
 a

 =
 e

d
ge

 l
en

gt
h

Tu
b

e 
w

it
h

 a
tt

ac
h

ed
 m

as
s:

 o
n

e 
en

d
 fi

 x
ed

 
A

 =
 c

ro
ss

-s
ec

ti
on

al
 a

re
a,

 m
 =

 m
as

s,
 

M
 =

 a
tt

ac
h

ed
 m

as
s,

 
f

EA

L
M

m
z
=

1 2
(

3
)

ππ
++

 
f

El
M

m
L

w
=

1 2
3 0.

23
3

ππ
++

(
)

 
f

k

I
I

t

M
z

=
1 2

3
ππ

++
 

l 
= 

ar
ea

-m
om

en
t 

of
 i

n
er

ti
a,

 
d 

= 
ou

te
r 

d
ia

m
et

er
, w

 =
 w

al
l 

th
ic

k
n

es
s,

 
l z

 =
 m

om
en

t 
of

 i
n

er
ti

a,
 

l M
 =

 m
om

en
t 

of
 i

n
er

ti
a 

of
 a

tt
ac

h
ed

 m
as

s,
 a

n
d

 
 

I
d

d
w

=
4

2
2

4
4

ππ
−−

−−
 

 
 

 
 

  
I

m
d

d
w

z
=

4
2

2

2
2

 
 

 
 

 
 

−−
−−

 
 

k
E

L
d

d
w

=
32

2.
6

2
4

4
ππ

−−
−−

(
)

 
 

a  F
ro

m
 H

ar
ri

s 
(1

98
7)

.



1044 M. Amrein

sample is complicated. The cantilever and the sample are coupled via 
the force interaction between the tip and the sample and the compliant 
sample itself. Mechanically, the situation resembles a series of three 
dampened springs, the cantilever, the tip sample interaction, and the 
viscoelastic sample. There is no analytical solution for this situation 
(Budó, 1976) and the frequency response is best determined experimen-
tally (Figure 16–16). Smaller and stiffer cantilevers will still lead to a 
broader bandwidth of this element of the feedback loop.

Figure 16–15. (Left) The frequency response of a typical commercial scanner (the J scanner from 
NanoScope III, digital instruments). The scanner may be used up to approximately 4 kHz. Above, the 
phase shift is too large for stable imaging. (Right) A scanner developed in the group of the author. 
The scan range and range in the z direction are comparable to the J-scanner. However, the usable fre-
quency range is one to two orders of magnitude wider (Knebel et al., 1997).

Figure 16–16. (Left) Frequency response of a silicon nitride cantilever (100 µm long; c = 0.1 N/m; 
Olympus Ltd., Tokyo, Japan) in contact with a mica sample. The loading force was 1 nN. The frequency 
limit posed by this element of the feedback loop lies at about 10 kHz, above which the phase shift has 
become too great for a stable feedback loop. (Right) Frequency response of the closed feedback loop 
of a NanoScope III (digital imaging, Santa Barbara, CA) equipped with a J-scanner. The same cantilever 
has been used. The measurement was carried out in water. Instead of scanning across the mica sample, 
the sample was oscillated, mimicking a corrugated sample. The oscillation was continuously changed 
from low frequency (mimicking broad objects) to a higher frequency (representing smaller objects). 
The amplitude of the oscillation was constant over the total measuring range. The regulator of the 
microscope was adjusted as for imaging to optimally track the oscillation of the sample. The amplitude 
shown corresponds to the output of the feedback for image acquisition.
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2.4.3 Frequency Response of the Closed Feedback Loop
For imaging, all elements work together in the closed feedback loop 
(Figure 16–16A). The frequency response of the closed feedback loop 
is therefore a direct measure of the quality and trustworthiness of 
AFM imaging. In the example shown in Figure 16–16B, lower frequen-
cies (larger object details) up to about 1.5 kHz are all represented with 
about the same amplitude. Higher frequencies up to about 2.5 kHz 
(smaller object details) are amplifi ed increasingly more strongly by the 
system. Hence, in an image these details would be more prominent 
than they should be. Very small details would no longer be traced. For 
proper interpretation of the sample structure at high resolution, images 
should be taken at various scan speeds.

2.5 Noise

The instrument’s noise degrades the accuracy with which the topology 
is traced. For a well-designed instrument, from all the elements of the 
feedback, the thermal motion of the cantilever is the major source of 
noise. The cantilever “produces” one kBT per resonance interval (kB is 
Bolzmann’s constant and T is the absolute temperature). This will 
cause the cantilever typically to oscillate by a few Angstroms. When 
the stylus rests in fi rm contact on the sample, the thermal motion of 
the cantilever is strongly reduced and will not affect resolution directly. 
However, the thermal energy now creates a fl uctuation of the loading 
force. In the case of a soft, susceptible sample, this in turn will create 
a marked fl uctuation of the sample deformation. The thermal force 
noise within the context of the simple harmonic oscillator model is 
given by (Sarid, 1991)

 ∆F k Bk
Q

= 23 4

0

B

ω

where ∆F is the rms force noise, B the bandwidth at which the micro-
scope operates, T the absolute temperature, k the spring constant of the 
cantilever, ω0 the radial resonant frequency, and Q the mechanical 
quality factor. Q parameterizes the sharpness of the resonance, being 
the ratio of the resonant frequency to the full-width at half-height of 
the peak. In air or vacuum, very high Q (on the order of thousands) 
can be achieved. In water, Q is much lower. As an example, for a typical 
cantilever used to scan a molecular sample in an aqueous solution 
(k = 0.1 N/m, ω0 = 20 kHz, Q = 1, B = 10 kHz) the thermal force noise is 
5–20 pN. From the equation above it follows that an ideal cantilever for 
low-noise operation should have a low spring constant, but still a high 
resonant frequency. For a given size of a cantilever, however, the stiffer 
the lever, the higher the resonant frequency. This dilemma can be 
overcome by employing smaller (shorter) cantilevers (Hansma, 1996). 
The effect of the thermal noise on the image quality will also be 
reduced by operating the microscope at a lower bandwidth. But this 
comes at the cost of reduced scan speed.

It is notable that noise is not evenly spread over the entire frequency 
spectrum. For large Q, there is a large reduction of the thermal noise 
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away from the resonant peak. In water, the thermal noise is quite 
evenly distributed over the whole frequency range. At low frequencies, 
other sources of mechanical motion become progressively more impor-
tant. This is referred to as 1/f noise and is notable foremost in contact 
mode imaging (see below).

2.6 Imaging Modes

2.6.1 Contact Mode
In contact mode, the tip is permanently touching the sample. On a rela-
tively solid sample, the position of the cantilever in the z direction is 
well defi ned and is affected only by force noise. It has therefore pro-
vided the best resolution to date on molecular samples. Contact mode 
imaging works best with densely packed samples, to provide stability 
against the sideways push by the tip. On soft samples, small cantilevers 
with a low spring constant are desirable. For operation at minimal 
force, the force during scanning is reduced until the cantilever takes 
off from the sample and then increases it just enough to touch back 
down and trace the topology properly.

2.6.2 Noncontact Mode
In noncontact mode, the probe tip is excited to oscillate near the reso-
nant frequency. To chose the excitation frequency, it is necessary to 
perform a sweep from low to high frequencies and observe the ampli-
tude and phase of the cantilever oscillation. The fundamental bending 
frequency of the cantilever will stand out as a prominent peak and the 
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excitation frequency chosen to be close by (on the lower-frequency 
fl ank of the peak). In close vicinity to the sample but prior to contact, 
the interaction between the tip and the sample will change the reso-
nance conditions for the lever (as the cantilever now enters an inter-
mediate state between a lever free on one side and a lever fi xed on both 
sides). This in turn will cause the amplitude to decrease, because the 
driving frequency is now further away from the resonant frequency. 
The shift in resonant frequency is a function of the force gradient 
(dF/dz) between the tip and the sample. The microscope is operated to 
keep the amplitude reduction at a defi ned level and, hence, the tip at 
a defi ned distance to the sample. Although noncontact imaging prom-
ises to be the most subtle mode for highly deformable, weakly immo-
bilized objects, it has not become popular so far in life science 
applications because it does not usually allow for stable high-resolution 
tracing of an interface of a biological sample. This might be because 
the tip is kept at a distance to the sample where it still can oscillate 
considerably by thermal noise and instrument instabilities. Very stable 
microscopes, very small cantilevers, and very sharp tips with a high 
aspect ratio may, in the future, bring about a strong improvement for 
this potentially attractive imaging mode.

2.6.3 Intermittent Contact Mode (Tapping Mode, Dynamic 
Force Microscopy)
Intermittent contact mode AFM in a certain sense combines the advan-
tages of noncontact and contact AFM. The probe oscillates as in the 
noncontact operation. But the set point for the amplitude is now chosen 
so that the tip can make brief contact with the sample in each cycle of 
its oscillation. As in the noncontact mode, there are no lateral forces 
excerpted on the sample. As in contact mode AFM, the local topological 
height is determined accurately by the well-defi ned contact point. This 
mode has therefore had success in imaging well-separated molecules 
bound to an underlying support rather weakly that did not withstand 
the lateral forces of contact mode imaging. It is notable, however, that 
the loading force during contact is not smaller than with contact mode 
AFM. Intermittent contact mode has resulted in resolution of molecular 
samples on the order of 1 nm (Figure 16–17).

As in noncontact mode, intermittent contact mode AFM in air is 
sensitive to a shift in resonance frequency that then brings about a 
change in amplitude of the oscillation. In buffer, resonance effects are 
small an and the microscope is largely sensitive to the restriction of 
the oscillation brought about by the physical barrier posed by the 
sample. Its sensitivity is thus limited by thermal fl uctuations and is 
not signifi cantly enhanced by operating at resonance. In water, it is 
desirable to choose as small an amplitude as possible to minimize 
disturbance of the sample. In practice, the overall oscillation amplitude 
is set to the smallest value that provides stable imaging. Then the 
set point amplitude change is increased (increasing the resolution) to 
the largest value that does not damage the sample. However, stable 
operation requires amplitude suffi cient to pull the tip out of attractive 
interactions.
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Two methods for exciting the cantilever oscillator are common, 
acoustic drive (Hansma et al., 1994; Putman et al., 1994) and magnetic 
drive. In acoustic drive an oscillator supplies a voltage drive to a piezo-
electric actuator that generates sound waves in the cantilever holder. 
The frequencies are typically from tens of kilohertz to megahertz. 
When the driving frequency is near a bending-mode resonance of the 
cantilever, the cantilever is driven into an oscillation. A frequency scan 
with acoustic drive results in many peaks, only some of which yield a 
usable signal (Putman et al., 1994; Schäffer et al., 1996). This is because 
the transmission of the acoustic wave is not uniform over the frequency 
range. In magnetic drive, the cantilever is coated with a magnetic fi lm, 
or a magnetic particle is glued onto the end of the cantilever (Lantz 
et al., 1994; Han et al., 1996). The oscillating magnetic fi eld of a solenoid 
in the vicinity of the cantilever causes the cantilever to oscillate.

In contrast to contact mode, which senses a force, intermittent contact 
mode AFM is a technique that senses an interfacial stiffness. As fre-
quency is increased, intermittent AFM also becomes sensitive to 
increased interfacial damping.

2.7 Optimizing AFM Design for Life Science Applications

The range of applications for AFM is very large, from atomic resolution 
imaging on some crystal surfaces to imaging or manipulation of whole 
cells. An AFM designed for working under high vacuum to look at 
defects in atomic lattices has different basic requirements from one that 
is designed predominantly for samples in liquid, with full optical 
microscope integration as a priority. On biological samples, atomic 

Figure 16–17. Latex-beads imaged in tapping mode. In the top portion of the 
image, the set change in amplitude was chosen large and the beads were 
deformed. In the lower portion, the set amplitude change was reduced, result-
ing in proper topographical imaging (1 µm × 1 µm).
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resolution is generally not possible; for samples of macromolecules and 
larger structures, the resolution is mainly defi ned by issues such as the 
tip–sample interaction and sample deformation. Then technical issues 
such as integrated optics, fl exibility of handling, and sample environ-
ment carry more weight.

2.7.1 Combining AFM and Optical Microscopy
Optical microscopy still dominates life science research, and tech-
niques for enhancing contrast, labeling, or staining to recognize and 
study biological samples have been developed. It makes no sense to 
throw away this vast reserve of information about samples that are to 
be studied using the AFM, and indeed it is not necessary to compro-
mise the quality of optical images for light microscopy to be combined 
with AFM. For a well-designed AFM it is possible to simultaneously 
obtain high-contrast and high-resolution optical images, including 
techniques such as laser scanning microscopy (LSM), total internal 
refl ection fl uorescent (TIRF) microscopy, and fl uorescence resonance 
energy transfer (FRET) microscopy (Figure 16–18).

In one sense it is relatively straightforward to build a combined 
optical and atomic force microscope, since the AFM can be built around 
a standard inverted optical microscope. This allows the use of the 
optics through the objective lens under the sample (if the sample is 
transparent, which is often the case), while at the same time the AFM 
can approach from above. In practice, care must be taken that the entire 
system has the required mechanical stability, that sources of drift or 
vibration are minimized, and that the “open” nature required of such 
an AFM does not compromise its stability and reduce the resolution 
achievable. There are also two potential problems that must be consid-
ered in the instrument design that relate directly to the optical imaging: 
the optical quality of the support for the sample, through which the 
optical image must be formed, and the light path to illuminate the 
sample from above.

Figure 16–18. Images of a fi xed 3T3 cell in buffer, on a coverslip. Left to right: Optical (differential 
interference contrast, DIC) and simultaneous AFM (JPK Instruments, contact mode) topography and 
feedback signal. (See color plate.)
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For high-quality optical images, the objective lenses are optimized 
for thin glass coverslips, which are mechanically unstable sample sup-
ports for AFM imaging. The working distance of high-magnifi cation 
objectives is very small, so the objective lens must be positioned close 
beneath the sample, often with an oil or water droplet between the lens 
and the coverslip. These considerations must be addressed by appro-
priate design of sample holders (which must generally also function as 
a liquid cell) that are able to provide enough mechanical support for 
the sample without interfering with access for the microscope objective 
beneath.

For common biological samples such as cells or vesicles, there is very 
low optical contrast in brightfi eld illumination, so some enhanced 
optical contrast mechanism is required. The most common choices are 
phase contrast (which provides contrast based on the sample refractive 
index) or differential interference contrast (DIC, which is sensitive to 
local differences in the refractive index from point to point). In both 
cases, the path length and optical quality of any components in the 
illumination path are critical. To use the optical microscope in its stan-
dard confi guration, and hence have the optimal optical system, the 
microscope requires illumination from above, using the condensor 
optics. This means that the illumination light must pass “through” the 
AFM in some way. The ideal optical solution is to be able to use the 
condensor optics provided by the optical microscope manufacturer, 
and build the AFM on an open frame around the optical path that does 
not interfere with the sample illumination.

Another issue for experiments involving simultaneous AFM and 
optical microscopy is the laser illumination used to measure the can-
tilever defl ection. Although the majority of this is refl ected by the 
cantilever, a signifi cant proportion spills over the cantilever edges and 
can pass through the sample into the optical microscope image. For 
brightfi eld, phase contrast, or DIC this can be removed using a simple 
fi lter in the optical path to cut the required wavelength, but for fl uo-
rescence this can severely limit the wavelength regions available and 
hence dyes that can be used for labeling. This is particularly a problem 
when the sample should be labeled with more than one dye to identify 
different components, or in more advanced optical techniques such as 
FRET, where two fl uorescent dyes are used simultaneously. Typically 
most AFMs used a detection laser in the red region of the optical spec-
trum, because of the availability of small, low-power red laser diodes. 
More recently, AFMs are becoming available with infrared laser illu-
mination, which allows the full visible spectrum to be used for optical 
imaging. Using an infrared detection laser also results in better per-
formance of the AFM itself, in that it removes artifacts caused by 
optical interference between the light refl ected from the cantilever and 
from the sample in the path to the photodiode detector.

2.7.2 Scanners
Over time, the scan range available from commercial AFMs has 
increased, particularly the z-range or distance the tip is able to move 
up and down over the surface. For cell imaging, a z-range of at least 



 Chapter 16 Atomic Force Microscopy in the Life Sciences 1051

10–15 µm is required, otherwise the tip will be unable to move high 
enough to scan over the cell nucleus. Larger x and y scan ranges of 
100 µm or more are also generally required for cell imaging, and some-
times also for imaging much smaller samples, which may be distrib-
uted inhomogeneously over the surface. The piezoceramic material 
used for all AFM scanners suffers from various problems of nonlinear-
ity, hysteresis, and creep. Although it is possible to move the tip very 
precisely, this is against a large background of position changes due to 
longer term effects in the piezo material, as it continues moving slowly 
for a long time after a voltage jump is applied (creep) or moves variable 
distances depending on its history (hysteresis). These problems have 
been addressed by adding position sensors (such as capacitive or 
strain-based sensors) along the movement axes, so that the tip move-
ment is no longer set merely by converting the desired position into a 
simple voltage. The current position of the tip is constantly read by the 
position sensors and the nonlinearity of the piezo material and its 
changes over time can be constantly corrected, using another feedback 
loop. These “linearized” piezo systems are also becoming available in 
commercial AFM systems and are likely to become standard.

There are two possibilites generally used for the lateral scanning for 
an AFM—tip scanning or sample scanning. For general AFM, these 
are equivalent, and both have their advantages and disadvantages, but 
in terms of optimizing an AFM for biological samples, tip scanning 
generally has clear advantages. On a basic practical level, much of AFM 
imaging for life science research has to take place in aqueous solutions, 
usually containing a reasonably high concentration of salt, and there 
is always a greater risk of expensive damage when the high-voltage 
piezoelectronics sit at a lower level than the sample. Even using a tip-
scanner, the AFM must be carefully designed so that the electronics 
and piezo elements above the sample are protected from accidental 
spillage or water vapor. This is particularly important if the sample is 
to be heated to 37°C, when the evaporation is signifi cant, and con-
densed water vapor could easily collect in an unsealed AFM head. 
There is also a more fundamental problem with sample scanning, 
however, as simultaneous AFM and optical imaging cannot generally 
be performed. When the sample is moved in the z direction, which 
usually lies along the optical axis, the objective lens can be tracked 
with the sample using a piezoactuated lens holder, but this is not pos-
sible for lateral scanning movements across the optical axis.

2.7.3 Sample Environment
In addition to the considerations already discussed about the need for 
using coverslips as a sample support for many optical imaging applica-
tions, there are other practical issues raised by life science samples. 
Temperature control of the sample is often important for studying 
molecular reactions or whole cells under physiological conditions, and, 
for example, many lipid bilayers used as model cell membranes undergo 
phase transitions over the range from around 10 to 37°C and above. 
Perfusion is also important, particularly for in situ experiments and to 
introduce molecules for reactions, blocking, or to change the properties 
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of the solution. For live cell work, it may also be necessary to allow a 
gas exchange to equilibrate the cell medium with 5% CO2.

The priorities for the design of the cantilever and sample holders 
should also include the easy disassembly and cleaning of all the com-
ponents that are in contact with the sample, so that, for example, ultra-
sound or autoclaving is possible. When working in liquid, all parts of 
the instrument that come in contact with the fl uid are sources of pos-
sible sample contamination. The issues are somewhat different depend-
ing on the applications. For instance, if the aim is to image or stimulate 
living cells, then molecular-sized contamination is not so important for 
AFM imaging itself, but the sample must remain sterile and the cells 
must not be exposed to any chemical contaminants that will produce 
a biological response. For single molecule imaging, the molecules may 
not be affected by traces of certain ions leaching from metal surfaces, 
but every macromolecular contaminant that could adhere to the surface 
is a problem for AFM imaging.

3 Sample Preparation

To study their native structures and probe their functions, most cellu-
lar or macromolecular samples need to be kept in an aqueous environ-
ment. Hydrophilic and hydrophobic interactions promote correct 
folding of the polypeptide chains into a protein and are responsible for 
the formation of micelles, bilayers, and membranes from lipids and 
proteins. The conformation of membrane proteins is determined by 
hydrophobic interactions with lipidic tails and hydrophilic interactions 
with their heads and the surrounding water (Haltia and Freire, 1995; 
Engel et al., 1992; Jap et al., 1992). The pH, electrolyte type, and its 
concentration and temperature also infl uence the structure and func-
tion. The function of macromolecular structures depends not only on 
their native conformation but often requires even more exacting envi-
ronmental conditions with respect to pH and temperature and may 
depend on the presence of coenzymes or ATP, for example. Living cells 
are sensitive not only to pH, ionic strength, temperature, and CO2 
levels; they usually need a specifi c and often highly complex medium 
in which to grow. When biological structures are allowed to air dry, 
they are subjected to a high force caused by the change in surface 
tension as the water evaporates. The energy involved is considerable. 
As a result, even macromolecules become severely fl attened and col-
lapsed (Baumeister et al., 1986; Kellenberger et al., 1982; Kellenberger 
and Kistler, 1979; Wildhaber et al., 1985). For these reasons, most sample 
preparation techniques described below are for samples in buffer. Most 
of the time, immobilizing cells and macromolecular structures is all 
that is needed for AFM analysis. AFM analysis of macromolecular 
samples is demanding with respect to the cleanliness of the support 
and the purity of the buffer. All surfaces become immediately covered 
with hydrocarbons when exposed to ambient air. Even double-distilled 
water can be a source of organic contaminants. A layer of these hydro-
carbons on the sample or the probe can be most disturbing for AFM. 
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As a result, the sample supports should be prepared or activated imme-
diately before use. Ultrapure water (fresh milli-Q water; ≤18 MΩ cm−1) 
should be used to prepare all buffer and rinsing solutions because it 
contains fewer hydrocarbons and macroscopic contaminants than con-
ventional bidistilled water.

In the following sections, we will describe suitable supports and 
immobilization techniques for both macromolecular and cellular 
samples.

3.1 Macromolecular Samples

Immobilizing macromolecular structures aims for a homogeneous dis-
tribution of the specimens in a close-to-native conformation. Tight 
binding of the biological specimens to the support surface will prevent 
them from clustering. They may also better withstand the forces that 
arise between the probe and the sample for most AFM. On the other 
hand, the structure can be substantially distorted and proteins may 
even denature by strong binding. This is well known from transmis-
sion electron microscopy (TEM) as well as from STM of biological 
specimens (Baumeister et al., 1986; Wang et al., 1990). The specimens 
may adsorb with preferential orientations depending on the binding 
conditions (Fisher et al., 1978; Hayward et al., 1978; Karrasch et al., 1993; 
Müller et al., 1996). In addition to suitable binding properties, the 
support should be as smooth as possible so that it does not interfere 
with the structure of the biological specimen in the fi nal image. Fur-
thermore, it should be relatively chemically inert to prevent contamina-
tion due to the solution or nonspecifi c reactions with the biological 
system.

3.1.1 Specimen Supports
Glass coverslips are widely used as an amorphous specimen support 
and can be used either unmodifi ed or altered to change their physi-
sorption or chemisorption properties. The surface can be almost 
featureless on the scale of macromolecular specimens. They are best 
suited for all experiments in which visible light is transmitted across 
the sample, as in SNOM or in the combined light and atomic force 
microscopy. Before use, organic contaminants, dust, and other particles 
are removed by washing one time with concentrated HCl/HNO3 (3 : 1) 
and fi ve times for 1 min with Millipore water in an ultrasonic bath 
(50 kHz). This process makes the coverslips clean and smooth (rms 
roughness ∼0.5 nm).

The most commonly used support for imaging biological specimens 
in the AFM is mica. Mica minerals are characterized by their layered 
crystal structure. Mica can be readily cleaved for a clean, atomically 
fl at surface. Muscovite mica (Mica New York Corporation, New York, 
NY) is the most commonly used form. The average surface charge 
density of muscovite mica in water is σm ≈ −0.0025 C/m2 (0.015 electron 
per surface unit cell).

Gold surfaces can be easily prepared by vapor deposition. They are 
chemically inert against O2 and stable against radicals. They bind 
organic thiols or bifunctional disulfi des with high affi nity, which can 
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be used to covalently attach biological macromolecules (see below). 
Hegner et al. (1993) developed a relatively simple and reliable method 
for preparing ultrafl at gold (Knebel et al., 1997) surfaces. They consist 
of atomically fl at terraces many microns in diameter. Thin carbon fi lms 
commonly used in TEM are smooth on molecular dimensions and 
adsorb macromolecules well when freshly prepared. High-vacuum 
carbon evaporators are common in electron microscopy laboratories.

3.1.2 Physiorption, DLVO Force
The most common technique for immobilizing biomolecules onto a 
support is by physisorption. Usually, the objects are immobilized out 
of an aqueous solution. They become attached to a support when there 
is an overall attractive force that pulls the surfaces into contact. The 
relevant force for adsorption is the DLVO force. Hydrophobic and 
hydrophilic interactions may also play a role. The DLVO force for two 
planar surfaces is (Israelachvili, 1991)
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The DLVO force between charged surfaces is highly susceptible to ion 
concentration and conditions can thus be adjusted to achieve good 
adsorption (Müller et al., 1997) (Figure 16–19).

When the electrical double layer repulsion between the two sur-
faces has “vanished,” they rapidly coalesce to minimize the interaction 
energy (Israelachvili, 1991). For the example shown in Figure 16–19, at 
electrolyte concentrations above 50 mM KCl, the amount of adsorbed 
membranes rapidly increased and reached its maximum at about 
150 mM KCl. Note that adsorption occurred even though both mica 
and the sample carried a net negative charge.
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Figure 16–19. Dependence of the DLVO force on ion concentration (1 : 1 mon-
ovalent electrolyte) and distance between a macromolecular sample (purple 
membrane) and a mica support. (From Mueller et al., 1997a, reprinted with 
permission.) Whereas the attractive van der Waals force is mainly unaffected 
by the electrolyte, the double layer repulsion decreases with increasing salt 
concentration. The surface charge densities were −0.0025 C/m2 for mica 
(Israelachvili, 1991) and −0.05 C/m2 for purple membrane (Butt, 1992), respec-
tively. The Hamaker constant was 3 × 10−19 J.
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3.1.3 Physisorption, Hydrophobic and Hydrophilic Interaction
There is an attractive interaction between hydrophobic surfaces in 
water. The attractive interaction potential is larger than the van der 
Waals potential and can be very long range. The nature of these long-
range forces is not yet fully elucidated. Hydrophilic molecules, on the 
other hand, tend to disorder the surrounding water molecules and 
prefer contact with water molecules. Hence, the molecules repel each 
other. These repulsive, hydrophilic forces are also referred to as hydra-
tion, structural, or solvation forces. They may cause the DLVO theory 
to fail at small distances between two hydrophilic surfaces. With 
respect to adsorption, hydrophobic molecules do not attach to a hydro-
philic surface and vice versa. For example, hydrophilic purple mem-
branes did not adsorb to highly hydrophobic supports such as 
derivatized glass. The hydrophilic and hydrophobic interaction can 
cause an oriented adsorption of molecular structures.

3.1.4 Physisorption, Preparation of the Support
With mica, an active surface is conveniently obtained by cleaving the 
layered mica crystals prior to specimen adsorption. For most other 
supports, the active surface cannot be produced so easily. These sup-
ports are usually covered by hydrocarbon contaminants and behave 
more or less hydrophobicly. Glass, silicon wafers, and many thin fi lms 
can be rendered hydrophilic by exposure to glow discharge (for 
example, in a Harrick Plasma cleaner, 1 min, p = 0.1 m bar, with air as 
the residual gas) right before use. Thin carbon fi lms become negatively 
charged. For those specimens that adsorb better to hydrophobic sur-
faces, glow discharge must be omitted.

Coating is another way to improve physisorption on many specimen 
supports and it has been used for a long time by electron microscopists 
(Jacobson and Branton, 1977; Mazia et al., 1975). For example, poly-l-
lysine can be used for coating glass and mica and render the coated 
surfaces positively charged. This allows cells, tissues, and plasma 
membranes that are usually negatively charged to be readily adsorbed. 
Objects that carry charge in an uneven distribution can be adsorbed 
in a defi ned orientation on a poly-l-lysine-coated surface. For example, 
purple membrane mainly consists of a light-driven proton pump that 
builds up an electrochemical potential across the membrane. Illumi-
nated by light, purple membranes show an asymmetric charge distri-
bution and adsorb to polylysine-coated surfaces in an oriented fashion 
(Fisher et al., 1977, 1978; Hayward et al., 1978). More than 90% of the 
membranes attach with their cytoplasmic surface toward the poly-l-
lysine under specifi c conditions (pH 9). At a pH below 4, the majority 
of the membranes (>94%) were directed with their extracellular surface 
toward the coated surface.

3.1.5 Chemical Bonding
Covalent bonding can be a very reliable technique to allow fi rm binding 
of biological specimens to a support. Some of the fi rst high-resolution 
AFM topographies of protein structures in buffer solution have been 
obtained using this technique (Karrasch et al., 1993). It appears that 
covalent binding does not interfere with the macromolecular structure 
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anymore than physisorption. Bonding of the macromolecular spe-
cimens can be accomplished using chemically modifi ed supports. 
Karrasch et al. (1993) developed a protocol to cross-link biological 
systems to a silanized glass coverslip. The silane (APTES, Fluka Chemie 
AG, Buchs, Switzerland) contained a free amino group that allowed it 
to react with the succinimide ester group of the photocrosslinker ANB-
NOS (Fluka Chemie; λ = 312 nm). Proteins were then bound to the 
interface by activating the photocrosslinker with UV radiation. This 
method resulted in the fi rst high-resolution images of protein struc-
tures by AFM in buffer (Figure 16–20).

Epitaxial gold surfaces can effectively be functionalized by alkane-
thiols. They form ordered, self-assembled monolayers that are tightly 
bound to the gold surface via chemisorption of the sulfur atoms. The 
monolayers are further stabilized by the lateral hydrophobic interac-
tions of the alkyl chains (Hegner et al., 1993; Sellers et al., 1993; Wagner 
et al., 1994; Wolf et al., 1995). The latter can carry head groups at the 
free end that allow oriented covalent anchoring of macromolecular 
structures (Allison and Thundat, 1993; Hegner et al., 1993, 1996; Wagner 
et al., 1994). Wagner et al. (1995, 1996) bound protein structures via their 
amino groups with an N-hydroxysuccinimide-terminated monolayer 
on gold.

3.1.6 Langmuir–Blodgett Films
There are amphiphilic substances that naturally form insoluble mono-
molecular fi lms on an air–water interface. They exhibit a water-soluble 
polar or charged head group and a highly apolar tail. This causes them 
to attach to an air–water interface with the head group immersed in 
the water and the tail toward the air. The most prominent example is 
the pulmonary surfactant that forms at the interface of the respiratory 

Figure 16–20. Hexagonally packed intermediate layer. Scale bar = 70 nm. 
(From Karrasch et al., 1993, reprinted with permission.)
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gas lumen and the solvation layer that covers the alveolar epithelium 
of lungs. Surfactant layers can be formed ex vivo in a Langmuir trough 
to study their biophysical properties under defi ned conditions or for 
the purpose of microscopic examination. Langmuir fi lms of lipids have 
also been used to mimic biological membranes (for references see 
Bader et al., 1984), or they served as a substrate to bind and crystallize 
proteins in two dimensions for TEM and AFM investigations (e.g., 
Brisson et al., 1994). AFM proved to be outstandingly well suited to 
study the structure and mechanical properties of these thin layers.

To prepare fi lms for microscopy, the amphiphilic substances are 
spread at the air–water interface of a Langmuir trough. They are then 
compressed by a movable barrier by a desired amount. To perform 
AFM on the air side of the fi lm, the monolayers may be transferred 
from the air–water interface onto a solid support by slowly pulling 
a hydrophilic support out of the aqueous phase across the interface 
(Langmuir–Blodgett transfer; Blodgett and Langmuir, 1937). The fi lm 
is deposited as the support is moved vertically across the air–water 
interface. It is then inspected by AFM in air. To do microscopy on the 
aqueous side of the fi lm, the monolayer may also be deposited by 
dipping a hydrophobic substrate from the air side across the interface 
into the water. If a fi rst lipid layer is deposited on the upstroke onto a 
hydrophilic substrate and then another layer added on the down stroke 
of the sample, a complete lipid bilayer has formed. This bilayer may 
contain membrane proteins. It is interesting to note that deposition of 
a bilayer onto a mica substrate arrests the lipid of the fi rst lipid layer. 
These lipids are no longer free to diffuse in the plane of the membrane. 
If the support is glass, both the lipids bound to the support and those 
within the second layer facing the aqueous phase are free to diffuse.

Finally, Langmuir–Blodgett transfer may not be necessary and fi lms 
of pulmonary surfactant have been studied directly at the air–water 
interface (Knebel et al., 2002).

3.2 Cells

Successful immobilization of living cells largely depends on the cell 
type. There are cells with adherent growth (for example, epithelial 
cells, fi broblasts, or glial cells), and cells that grow in suspension 
without contact to a substrate (for example, bacterial cells or erythro-
cytes). Adhesive cells are more readily imaged with the AFM, whereas 
cells that grow in suspension have to be immobilized to be imaged. It 
is notable that cells may change their shape, physiology, and even their 
life cycle once bound to a substrate. A variety of techniques have been 
developed to immobilize living cells. Cells are best imaged with an 
AFM that is combined with a light microscope.

3.2.1 Adsorbing Cells on Glass Coverslips
Cells that naturally adhere to a substrate can either be cultured on an 
appropriate support and subsequently imaged, or plated on the sup port 
and monitored shortly after they have established cell–substrate contact. 
For both procedures, the glass coverslip must be thoroughly cleaned. If 
cleaned with water, the glass support has to be dried in air or a stream 
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of N2 to prevent plated cells from possible osmotic shock. Coverslips 
have been coated with poly-l-lysine, collagen (Henderson et al., 1992), 
proteoglycans, laminin, or fi bronectin to improve adhesion.

For imaging individual, adherent cells with the SFM, the density of 
the cell suspension has to be chosen such that enough space remains 
for the cells to spread out. The time required for the cells to attach and 
spread depends on the cell type. Before imaging, the samples have to 
be rinsed with buffer solution to remove cells that are not fi rmly 
attached and, if feasible, examined by conventional light microscopy. 
Specifi c cells that were cultured on a solid support spread out to a 
thickness of less than 100 nm over large areas in the periphery (Fritz 
et al., 1994; Henderson et al., 1992; Hoh and Schoenenberger, 1994; 
Kasas and Ikai, 1995). In these thin regions it is possible to monitor the 
organization of the intracellular cytoskeleton (Figure 16–13).

3.2.2 Immobilizing Nonadhering Cells
A stable immobilization of cells that grow in suspension and do not 
establish substrate interactions in their natural environment is diffi cult 
to obtain. Hörber et al. (1992) have a method to trap single cells by a 
micropipette and image the exposed part with the AFM. The setup 
makes it possible to use the advantages of the micropipette technique 
and to enhance the inner pressure of the cell. This is an advantage, 
because the “spring constant” of a cell surface may be very low [for 
example, ∼0.002 N/m (Hoh and Schoenenberger, 1994)]. Hence, the cell 
is extensively deformed by any reasonable interaction force with an 
AFM probe.

Permeable supports provide the possibility of measuring additional 
properties of cells (for example, permeability, diffusion, and voltage 
characteristics of the plasma membrane) while they are imaged by 
AFM. The cells may attach onto substrates with a much smaller pore 
size than the average diameter of the cell, or individual cells may be 
trapped in pores that are only slightly smaller than the average cell 
diameter. Kasas and Ikai (1995) have used Millipore fi lters (Millipore 
PCF, Millipore Corp., Bedford, MA) with pore sizes similar to that of 
the cell diameter for trapping yeast cells. Hoh and Schoenenberger 
(1994) have cultured MDCK epithelial cells (average lateral diameter 
∼10 µm) on polycarbonate fi lter supports (Millipore PCF, 12 mm diam-
eter) with a much smaller pore size (0.4 µm) than the average cell 
diameter.

4 Imaging and Locally Probing Macromolecular and 
Cellular Samples: Examples

4.1 Imaging

By controlling the ionic strength and composition of the deposition 
buffer, individual collagen molecules can be assembled and adsorbed 
onto a mica surface in various different conformations (Jiang et al., 2004). 
Around fi ve collagen molecules associate form microfi brils, which have 
a lateral size of around 3–5 nm. These microfi brils are also likely to be an 
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intermediate stage in the formation of the larger collagen fi bers seen in 
natural tissue. A monolayer of these microfi brils can then be adsorbed to 
the surface to form a nanostructured, biologically active surface. The 
fi brils can be aligned through adsorbing under conditions of hydrody-
namic fl ow (Figure 16–21); Figure 16–21 shows a case in which the fi brils 
are adsorbed at very low coverage, and the 67-nm banding repeat can be 
seen along the fi lament length. For samples in which a complete mono-
layer is formed, the composition of the adsorption buffer can be used to 
control whether the fi laments organize themselves such that the bands 
on adjacent fi laments are aligned or not (Jiang et al., 2004).

The nanometer-scale topography of these surfaces can be measured 
using AFM, and then used for cultivating cells in situ. The orientation 
and growth direction of fi broblast cells grown on the aligned collagen 
supports depend critically on the alignment of the D-banding between 
adjacent collagen fi brils. The overall alignment of the direction of 
the collagen fi bers is not suffi cient to produce a response in the cells, 
but when the banding of the fi bers is aligned, the cells show a strong 
response (Poole et al., 2005). This is one case in which the ability to 
combine AFM and optical microscopy allows the study of a biological 
structure/function question over the size scale from the molecular 
structure and organization to the response of whole cells.

4.2 Beyond Imaging

One strength of the AFM is that it is able to combine imaging 
modes sensitive to different properties of the sample with direct mea-
surements of forces and interactions. These measurements can be 
carried out at particular points (selected, for instance, from a sample 
that has just been imaged), or built up over a grid to “map” the surface 
properties.

Figure 16–21. Collagen fi brils adsorbed on mica; sample courtesey of Müller; 
imaging JPK Instruments, intermittent contact mode in buffer. Scan area = 
2.6 × 2.3 µm, z range = 2.5 nm. The 67-nm banding along the axis of the indi-
vidual collagen fi brils can be seen.
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Force spectroscopy in AFM refers to the measurement of tip–sample 
interaction forces at a point as the height of the cantilever base is varied. 
This allows measurement of forces either pushing into the sample 
(elasticity, rheology, etc.), or pulling away from the sample (adhesion, 
including recognition of specifi c molecular binding, unfolding, or 
stretching of molecules bound between the tip and the sample surface). 
Alternatively, manipulation of the surface, such as dissection or 
alignment, is possible using the tip to apply forces and modify the 
sample.

The ability to locally probe and manipulate a sample in addition to 
imaging is a unique strength of AFM. The local experiments are as diverse 
as the research questions and address both isolated macromolecular 
structures and cells. This is demonstrated for a few examples.

4.2.1 Pulmonary Surfactant
A mixed lipid–protein fi lm of pulmonary surfactant covers the hydrated 
lung epithelia to the air. This highly cohesive and mechanically stable 
fi lm reduces the otherwise high surface tension of the air–aqueous 
interface to almost zero as is required for the structural stability of the 
alveolar lung and ease of breathing. The mechanical stability of the 
fi lm depends on a pattern of monolayer domains of disaturated phos-
pholipids intercepted by multilayer areas, containing the unsaturated 
lipids also present in surfactant. This molecular architecture is con-
veyed to the fi lm by the surfactant-specifi c proteins SP-B and/or SP-C. 
The proteins cross-link the multilayer areas to the monolayer.

This molecular arrangement has been discovered by AFM (von 
Nahmen et al., 1997). First, a topographical image was obtained 
(Figure 16–22). Then, the loading force was increased such as to physi-
cally remove the lipid stacks on top of the molecular monolayer. 
After removal of the multilayers, the monolayer showed crevices on 
the circumference of the earlier multilayer patch and holes, evenly 

Figure 16–22. Functional pulmonary surfactant forms molecular fi lms of molecular monolayer regions 
and areas of monolayers with stacks of lipid bilayers cross-linked to it (left). Cross-linking is revealed 
by physically removing the bilayers by an intentionally high load of the AFM probe (middle and 
right).
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distributed over the area earlier covered. This was indicative of a 
cross-linking structure that had also been removed by the stylus. Mere 
lipid layers, formed on top of a lipid monolayer in the absence of 
surfactant proteins, left no traces behind after being removed by the 
stylus.

Multilayers, cross-linked to the monolayer as opposed to multilayers, 
merely adsorbed to the monolayer appear to be crucial for surfactant 
function. At low surface tension, the interfacial fi lm is subjected to high 
lateral pressure. Cross-linked multilayered areas take up the lateral 
load together with the monolayer. Otherwise, the load resides on the 
monolayer alone. But lipid monolayer fi lms containing unsaturated 
lipids are not able to withstand a high fi lm pressure without collapsing. 
They therefore cannot reduce tension by a degree required for proper 
function of the lung. This condition is likely responsible for lung failure 
after acute lung injury where the surfactant is distinct by an elevated 
level of cholesterol (Karagiorga et al., 2006). Excess cholesterol prevents 
formation of cross-linked multilayer stacks and surface tension is high 
(Gunasekara et al., 2005).

4.2.2 Collagen Matrices
Müller and his associates (Jang et al., 2003) used the atomic force micro-
scope to mechanically direct collagen into two-dimensional, 3-nm-
thick layers of defi ned structure. During a critical, initial period of time 
this structure was found to be highly malleable and the collagen mol-
ecules could be reoriented by the stylus of the AFM. After this time, 
the collagen coating hardened and remained stable for several months 
without loss of fi ber orientation or mechanical strength. It was pro-
posed that collagen fi ber formation in vivo may also have a critical 
period during which cellular forces remodel a collagen network that 
acts as a matrix for later tissue growth. In tissues, cells are indeed 
thought to organize the collagen fi brils by exerting tension on the 
matrix, and the realignment forces required in the experiment (300 pN) 
were within the range of forces that fi broblasts can generate. Besides 
explaining an important phenomenon on how tissue might organize 
in vivo, this discovery might also fi nd technical applications. Engi-
neered collagen matrices might fi nd use as a platform for cell biological 
and tissue engineering applications (Figure 16–23).

4.2.3 Imaging and Unfolding a Bacterial Cell Wall Protein
Unfolding proteins and DNA and separating molecular binding 
partners have become important and active offspring of AFM, referred 
to as force spectroscopy. It provides insight into protein and DNA 
folding and conformation about the nature of binding pockets. Müller 
and his associates have used this technique in conjunction with 
high-resolution imaging to gain insight into the interaction forces 
between the individual protomers of a regular bacterial surface 
layer, the hexagonally packed intermediate (HPI) layer of Deinococcus 
radiodurans. After imaging the HPI layer, the AFM stylus was attached 
to individual protomers by enforced stylus–sample contact to allow 
force spectroscopy experiments. Imaging of the HPI layer after 
recording force–extension curves allowed unfolding forces to be 



1062 M. Amrein

correlated with the structures being unfolded. By using this approach, 
individual protomers of the HPI layer were found to be removed 
at pulling forces of ≈300 pN. Furthermore, it was possible to sequen-
tially unzip entire bacterial pores formed by six HPI protomers 
(Figure 16–24).

4.2.4 Sphingolipid–Cholesterol Rafts
In the plasma membrane, nanoscopic, condensed sphingolipid–choles-
terol rafts “fl oat” in a fl uid matrix and likely act as prefabricated sub-
units of functional complexes. The functions these platforms perform 
involve essential cellular processes such as the initiation and down-
regulation of signaling cascades that regulate cell growth, survival, 
and death, or endo- and exocytosis. A rapidly growing list of diseases 
has been identifi ed as being related to rafts, including Alzheimer’s 

Figure 16–23. After collagen microfi brils were assembled out of solution on 
the supporting surface, their orientation has been changed in a controlled 
manner using the stylus of an AFM in the central region of the image. For this, 
the force was increased to 300 pN while the stylus was scanned over this 
operator-defi ned region. The collagen microfi brils in the region were now 
aligned with the fast-scanning direction of the AFM stylus and were approxi-
mately perpendicular to the original orientation. The surface was then reim-
aged at low force to create the image. (From Jiang et al., 2004b, reproduced 
with permission.)
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and Parkinson’s diseases, muscular dystrophy, asthma and allergic 
responses, hypertension, arteriosclerosis, and prion diseases. Bacteria 
(e.g., Vibrio cholarae), viruses such as HIV-1, measles, and Ebola virus, 
as well as parasites (e.g., malaria) depend on lipid rafts for their pur-
poses. Despite the outstanding importance of lipid rafts, most ques-
tions about how rafts are formed, composed, and behave in the plasma 
membrane of living cells are not well understood. Although several 
chemical groups that anchor proteins to rafts are known (e.g., the GPI, 
dipalmitoyl group), it is not known why, and to what extent, certain 
proteins become associated with one type and others to another kind 
of raft. But even the most basic questions regarding the size of rafts 
and whether they are transient structures are controversially discussed 
(Figure 16–25).

Strong experimental evidence of the existence of rafts as entities of 
defi ned size and with an extended lifetime has come from measuring 
the diffusion and stability over time of individual rafts in the plasma 
membrane of BHK-21 cells by photonic force microscopy, a variety of 
AFM (Hörber et al., 1992; Pralle et al., 2000). A bead in a laser trap was 
scanned over a cell sample. Like with the tip of a cantilever-based 
AFM, the height of the laser spot was readjusted by feedback when the 
bead was forced out of the focal spot of the laser trap by the sample. 
A topographical image of the sample was thus recorded. In a set of 
experiments, beads were coated with antibodies against a raft-associ-
ated protein. After binding to the cell, the laser trap was kept still and 
the diffusion of the bead attached to a raft was observed within the 
narrow confi nement of the laser focal spot. The diffusion refl ected 
the diffusion of the raft within the membrane and allowed the size of 

Figure 16–24. The six protomers of an individual pore can be sequentially 
pulled out of the HPI layer. Left: AFM topograph of the inner surface of the 
HPI layer prior to (left) and after (right) the pulling experiment. Note that one 
entire pore is missing. (Middle) The force-extension curve shows a sawtooth 
pattern with six force peaks of about 300 pN each corresponding to the extrac-
tion of one protomer. The height of the force peaks corresponds to the binding 
force for a protomer to its neighbors; the stretching distances between 
protomer disruption events (7.3 ± 1.6 nm) corresponds to the length of the 
molecular linker connecting a protomer to its neighbors. (From Engel et al., 
2000, reproduced with permission.)
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the raft to be derived. For those rafts addressed by the selected antibod-
ies, these entities turned out to be about 50 nm in diameter. The experi-
ment also showed that these rafts were not transient structures within 
the timeframe of the measurement (Figure 16–26).

Figure 16–25. The size and temporal stability of a lipid raft may be derived 
by observing its diffusion within the plasma membrane. Observing the free 
diffusion of a raft is problematic, because rafts collide frequently with the 
elements of the cytoskeleton, anchored to the membrane. A more accurate 
picture is derived from observation of the constraint diffusion of a raft offered 
by photonic force microscopy. (From Pnalle et al., 2000, reproduced with 
permission.)

Figure 16–26. Diffusion coeffi cients for raft proteins (PLAP, YFPGLGPI, HA) 
and nonraft membrane proteins (hTfR∆t, LYFPGT46). The raft proteins diffuse 
together with the lipid raft; the nonraft proteins diffuse freely in the fl uid 
phase of the plasma membrane. Depriving cells in culture of one of the 
mandatory raft elements, cholesterol, abolishes rafts. As a consequence, the 
former raft proteins diffuse individually in the membrane. (From Pnalle  et 
al., 2000, reproduced with permission.)
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17
Low-Temperature Scanning 
Tunneling Microscopy
Uwe Weierstall

1 Introduction

The scanning tunneling microscope (STM) has revolutionized surface 
science since its invention in 1982 (Binnig and Rohrer, 1982) by provid-
ing a means to directly image atomic scale spatial and electronic 
structure. Using the combination of a coarse approach and piezoelec-
tric transducers, a sharp, metallic tip is brought into close proximity 
with the sample. The distance between tip and sample is less than 
1 nm, which means that the electron wave functions of tip and sample 
start to overlap. A bias voltage is applied between tip and sample that 
causes electrons to tunnel through the barrier. The tunneling current 
is a quantum mechanical effect: tunneling of electrons can occur 
between two electrodes separated by a thin insulator or a vacuum 
gap and the tunneling current decays on the length scale of one 
atomic radius. The tunneling current is in the range of picoamperes 
to nanoamperes and is measured with a preamplifi er. In an STM, the 
tip is scanned over the surface and electrons tunnel from the very 
last atom of the tip apex to single atoms on the surface, providing 
atomic resolution. The exponential dependence of the tunneling 
current on the tip–sample distance can be exploited to control the 
tip–sample distance with high precision. There are four basic opera-
tion modes for any STM: constant current imaging, constant height 
imaging, spectroscopic imaging, and local spectroscopy. Their inter-
pretation and realization will be briefl y discussed below. For details 
about other modes and a comprehensive introduction to electron tun-
neling and STM see Wiesendanger (1994).

To acquire constant current images, a feedback loop adjusts 
the height of the tip during scanning so that the tunneling current 
fl owing between tip and sample is kept constant. The height z is 
adjusted by applying an appropriate voltage Vz to the z-piezoelectric 
drive while the lateral tip position (x,y) is determined by the 
corresponding voltages applied to the x and y piezoelectric drives. 
The recorded signal Vz can be translated into a topography z(x,y) 
if the sensitivity of the piezoelectric drives is known. The word 
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topography should be used with caution: since the local density of 
states at the Fermi level is measured, a molecule adsorbed on a metal 
surface that reduces the local density of states and may actually be 
imaged as a depression.

To acquire constant height images, the feedback loop is switched off, 
i.e., the tip is scanned at constant height above the surface, and varia-
tions in the current are measured. This mode has the advantage that 
the fi nite response time of the feedback loop does not limit the scan 
speed. It can be used to collect images at video rates, offering the 
opportunity to observe dynamic processes at surfaces. However, 
thermal drift limits the time of the experiment and there is an increased 
risk of crashing the tip.

To measure differential conductance (dI/dV) maps with the STM, a 
high-frequency sinusoidal modulation voltage is superimposed on the 
constant dc bias voltage Vbias between tip and sample. The modulation 
frequency is chosen higher than the cutoff frequency of the feedback 
loop, which keeps the tunneling current constant. By recording the 
tunneling current modulation, which is in phase with the applied bias 
voltage modulation, with a lock in amplifi er, a spatially resolved spec-
troscopic signal dI/dV|Vbias can be obtained simultaneously with the 
constant current image (Binnig et al., 1985a,b).

By measuring the differential conductance dI/dV at a fi xed tip posi-
tion with open feedback loop (constant tip–sample distance z) while 
sweeping the applied bias voltage, an energy-resolved spectrum can 
be obtained. This is useful for probing, e.g., band-gap states in semi-
conductors or the onset of surface states on metals.

The tunneling current I at a given tip position is approximately equal 
to the integrated local density of states (ILDOS), integrated over the 
energy range between the Fermi energy EF of the sample and eV, where 
V is the applied bias voltage. Therefore the differential conductance 
dI/dV is approximately proportional to the local density of states 
(LDOS) of the sample at the energy eV, and a constant current image 
should represent a contour of constant ILDOS. For measurements close 
to EF, i.e., at low bias voltages, the LDOS and ILDOS are essentially the 
same and a constant current image at low bias (a few millivolts) is 
therefore approximately proportional to the sample LDOS at the Fermi 
energy EF (assuming the tip has a uniform density of states and the 
temperature is low). To illustrate how to arrive at the picture presented 
above, the theoretical treatment of electron tunneling is briefl y 
outlined.

A one-dimensional WKB approximation predicts that the tunneling 
current at low temperatures (where the Fermi distribution is a step 
function) is given by

 I E x eV E x T E eV x dE
eV

= ( ) − +( ) ( )∫ ρ ρs t, , , ,
0

 (1)

where ρs(E) and ρt(E) are the density of states of the sample and the tip 
at the location x and energy E, measured with respect to their individ-
ual Fermi levels, and V is the applied bias voltage (Hamers, 1989). The 
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tunneling transmission probability T(E,eV,x) for electrons with energy 
E and applied voltage V is given by

 T E eV x z x
m

eV E, , t s( ) = − ( ) + + −( )





exp
4

2
2�

φ φ  (2)

where φs and φt are the work functions of sample and tip and z is the 
tip–sample distance. Therefore, assuming that the tip electronic struc-
ture is featureless, Eq. (1) shows that the tunneling current at position 
x is approximately equal to the ILDOS of the sample integrated between 
EF and eV, weighted by the transmission probability T. Examination of 
Eq. (2) shows that if eV < 0 (i.e., negative sample bias), the transmission 
probability is largest for E = 0 (corresponding to electrons at the Fermi 
level of the sample). If eV > 0 (positive sample bias) the probability is 
largest for E = eV (corresponding to electrons at the Fermi level of the 
tip). Therefore the tunneling probability is always largest for electrons 
at the Fermi level of whichever electrode is negatively biased. This is 
shown schematically in Figure 17–1.

Differentiating Eq. (1) gives the differential conductance

 

dI
dV

eV x x T eV eV x

E x E e

∝ ( ) ( ) ( )

+ ( ) −
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s t

s t
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,
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∫
0

 (3)

The fi rst term is the product of the density of states of the sample, 
the density of states of the tip, and the tunneling transmission pro-
bability. The second term contains the voltage dependence of the 
tunneling transmission probability. Since T is a smooth monotonically 

Figure 17–1. Energy level diagram of sample and tip with V being the sample 
voltage relative to the tip. Left: electrons tunneling from tip to sample with 
positive sample bias voltage. Right: electrons tunneling from sample to tip 
with negative sample bias voltage. The curve represents the density of states 
of the sample; the tip density of states is assumed featureless. The different 
lengths of the arrows illustrate the fact that the tunneling probability is largest 
for electrons at the Fermi level of the negatively biased electrode. Φt and Φs are 
the tip and sample work functions.

eV>0 eV<0

s

tt EF

s

eVEFEF eV
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increasing function of V, structure in dI/dV can be assigned to changes 
in the sample LDOS at eV, assuming a tip with featureless density of 
states.

In general, however, the tip electronic structure is unknown and may 
not be featureless. The small size of the STM tip is expected to signifi -
cantly modify its electronic structure from that of a bulk material. 
Therefore, it is usually necessary to compare tunneling spectra acquired 
at different locations on the surface to distinguish the spatially invari-
ant contribution of the tip and the spatially varying contribution from 
the sample. Comparing spectra taken with different tips also helps to 
eliminate tip contributions.

At fi nite temperatures Eq. (1) contains an additional Fermi distribu-
tion factor, which imposes a limit on spectroscopic resolution. At room 
temperature, with kBT ≈ 0.026 eV, the spread of the tip and sample 
energy distribution are each 2 kBT ≈ 0.052 eV. Therefore the total spread 
is ∆E ≈ 4 kBT ≈ 0.1 eV. To make high-resolution spectroscopic measure-
ments with ∆E in the millielectron volt range, experiments must be 
conducted at cryogenic temperatures.

To work with clean metal and semiconductor surfaces, STM mea-
surements have to be done in ultrahigh vacuum (UHV). Operating a 
UHV-STM at cryogenic temperature has several major advantages:

1. Close coupling of the microscope to a large temperature bath that 
keeps constant temperature over hours or days ensures a reduction of 
thermal drift and allows long-term measurements. The reduction of 
thermal drift during low-temperature operation is further improved 
by the fact that the thermal expansion coeffi cients at liquid helium 
temperature are two or more orders of magnitude smaller than at room 
temperature.

2. Superior vacuum conditions: If the microscope is incorporated in 
a cryostat that acts as an effective cryopump, surfaces are kept free 
from contamination over days.

3. Thermal diffusion of adsorbates and defects is suppressed—stable 
imaging becomes possible even for weakly bound species. Moreover, 
low temperatures might also stabilize the atomic confi guration at the 
tip end by preventing sudden jumps of the most loosely bound fore-
most atoms due to thermal activation.

4. Small thermal broadening at the Fermi energy is a necessary 
condition for spectroscopic investigations with high-energy 
resolution.

5. Individual adsorbates can be manipulated with the STM to quali-
tatively probe their interaction with the substrate.

6. Physical properties can be studied as a function of temperature 
or physical effects can be examined that occur only at low temperatures 
(e.g., superconductivity, Kondo effect, nanoscale magnetism).

7. Piezo nonlinearities and hysteresis (creep) affecting the piezoelec-
tric scanners of the STM decrease substantially at low temperatures.

In an effort to improve the stability of the microscope and the atoms 
or molecules under investigation, a variety of low-temperature UHV 
STM designs have been developed.
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2 Design Principals

All low-temperature STMs (LT-STM) operate in UHV, which is a pre-
requisite for obtaining a clean surface. To reach a low fi nal tempera-
ture and a short cooling time, the thermal conductivity from the 
microscope to the cryogen has to be maximized, and the thermal load 
from room temperature has to be minimized. Heat transfer through 
the electrical connections and contacts has to be considered as well 
as thermal radiation. The discussion here is restricted to liquid 
helium (LHe)-cooled instruments. In designing an LT-STM, there is a 
choice between a fl ow cryostat and a bath cryostat to cool the STM. 
Then there are two basic designs: one in which only the sample is 
cooled and one in which the whole STM is cooled and surrounded by 
a radiation shield.

2.1 STM with LHe Continuous-Flow Cryostat

If the ability to change temperature on a relatively short time scale is 
of importance, the heat reservoir should be small. Therefore in 
variable-temperature STMs that can work from room temperature 
down to liquid helium temperature, a fl ow cryostat is usually used and 
only the sample is cooled to ensure a small thermal mass. The sample 
is thermally connected to the cryostat via a fl exible Cu or Au braid. 
Cryostat vibrations and instabilities caused by boiling of the coolant 
as well as different thermal expansion coeffi cients of various materials 
during temperature cycling require special attention. To reduce the 
amplitude of vibrations introduced by the cryostat, it is important to 
mechanically decouple the braid to a heavy mass (Bott et al., 1995) (see 
Figure 17–2). Since only the sample is cooled, the scanner has to be 
thermally isolated from the sample to avoid heat transfer to the sample. 
One advantage of this approach for variable-temperature operation is 
that the repeated recalibrations of the STM made necessary by tem-
perature-dependent changes in the piezo coeffi cients are avoided. But 
large thermal gradients can create image drift problems and possible 
disturbances due to heat transfer from the “hot” tip scanning the cold 
sample (Xu et al., 1994).

An example of a variable-temperature STM with fl ow cryostat cooling 
the sample only is shown in Figure 17–3 (Behler et al., 1997). Other 
examples are given in Bott et al. (1995), Horch et al. (1994), and Petersen 
et al. (2001).

LHe fl ow cryostats can also be used to cool the entire STM. This 
results in improved thermal stability due to thermal equilibrium 
between all STM parts. If fast cooldown times are required, the STM 
can be connected rigidly to the cold end of the fl ow cryostat (Mugele 
et al., 1998; Zhang et al., 2001). This mandates a high mechanical stabil-
ity (high resonance frequency) of the STM so that the vibration fre-
quencies caused by the He fl ow are well below the eigenfrequency of 
the STM. The microscope is surrounded by one or two radiation shields. 
Higher mechanical stability can be obtained if the STM is suspended 
with springs inside a radiation shield to provide vibration isolation 
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Figure 17–2. Mechanical decoupling of a copper braid connecting a fl ow 
cryostat and a sample holder. Shown are modifi cations and their effect on the 
noise spectrum. (a) Initial arrangement of the sample holder connected to the 
cryostat by a copper braid. (a′) Fourier spectrum of the tunneling current with 
noise showing up as peaks. (b) Resonance frequencies of cryostat are increased 
by defi ning nodes with a rigid tube mounted on the cryostat with three screws 
separated by 120° at each node. (b′) Fourier spectrum after modifi cation; noise 
frequencies are shifted to higher frequencies. (c) Noise from the copper braid 
coupling is damped out by fi xing the copper braid thermally isolated to a 
massive block. (c′) Noise is greatly reduced. (From Bott et al., 1995.)
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from the cryostat (Wolkow, 1995; Stipe et al., 1999b) (see Figures 17–4 
and 17–5).

2.2 STM with LHe Bath Cryostat

A bath cryostat is usually used if the whole STM is being cooled. The 
bath cryostat serves as a large thermal reservoir that is being cooled 
down prior to the measurements. This approach has been successfully 
applied on a number of 4 K microscopes (Eigler and Schweizer, 1990; 
Gaisch et al., 1992; Stranick et al., 1994b; Rust et al., 1997; Meyer, 1996; 
Becker et al., 1998; Ferris et al., 1998; Harrell and First, 1999; Stroscio, 
2000). If all parts of the system are allowed to reach thermal equilib-
rium, thermal drift may be virtually eliminated. Bath cryostat low-
temperature STMs operating in a rotatable magnetic fi eld have also 
been built (Wittneven et al., 1997); some of them are 3He refrigerated 
and operate at about 250 mK (Pan et al., 1999; Kugler et al., 2000; Matsui 
et al., 2003). Sample turnaround times for the very-low-temperature 
variants are quite long since it can take 36 h to reach thermal equilib-
rium (Pan et al., 1999). LT-STMs with bath cryostats are diffi cult to use 
for variable temperature measurements, e.g., study of diffusion and 
phase transitions, since they use a large cold reservoir to cool the STM 
and the temperature cannot be changed easily. Temperature control by 
altering the exchange gas pressure in combination with a PID-
controlled heater has been achieved (Rust et al., 2001). Another way 
to achieve measurements at different temperatures is to simply remove 

Figure 17–3. Example of a variable-temperature STM for operation in the temperature range of 20–
300 K. Only the sample is cooled. Continuous fl ow cryostat on the left; arrows show helium fl ow. The 
sample is thermally connected to the cryostat by a copper braid and mechanically decoupled with a 
heavy stainless steel mass supported by O-rings. (From Behler et al., 1997.)



 Chapter 17 Low-Temperature Scanning Tunneling Microscopy 1077
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Figure 17–4. A variable-temperature scanning tunneling microscope cooled 
with a continuous-fl ow cryostat. The STM and the sample are suspended from 
three springs that provide the second stage of vibrational isolation. The design 
allows for in situ dosing and irradiation of the sample as well as the exchange 
of samples and tips. (From Stipe et al., 1999b.)

Figure 17–5. Low and variable 
temperature STM in the author’s 
laboratory, which is very similar 
in design to the one by Stipe et 
al. (1999b). Refer to Figure 17–4 
for identifi cation of different 
parts. The front of the outer radi-
ation shield and the sides of both 
radiation shields are missing to 
enable the inside to be viewed.
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liquid helium from the cryostat, giving rise to a temperature increase 
of the microscope over days, thus enabling drift-free STM measure-
ments at well-defi ned temperatures up to 300 K. (Jeandupeux et al., 
1999)

Since the tunneling current has an exponential dependence on the 
distance between tip and sample, vibrations can cause strong noise. 
Therefore the construction of the STM scanner, consisting of tip holder, 
sample holder, and actuators, should be as rigid as possible to increase 
the mechanical eigenfrequency of the scanner. For typical tube scanner 
setups this eigenfrequency lies in the range of 1–10 kHz. A two-stage 
damping system consisting of an external damper (e.g., air damped 
feet suspension of the whole UHV chamber) and an internal damper 
(e.g., scanner suspended on springs and damped by eddy current 
dampers) effectively isolates the tunneling gap from building vibra-
tions and acoustic noise. The two damping stages should have reso-
nance frequencies well below building and acoustic frequencies and 
should be strongly damped (low Q-factor).

With a low-temperature STM the boiling cryogenic liquid produces 
additional vibrations after the fi rst damping stage. Even worse, the 
boiling liquid has to be in close proximity to the vibration-sensitive 
scanner to enable good thermal contact to the scanner. Therefore there 
are two contradictory demands for the design of a low-temperature 
STM: mechanical decoupling of the STM head and thermal coupling 
to the cryostat.

This problem has been solved by different groups in different ways 
and in the following we will discuss three design examples. They all 
have in common a helium bath cryostat surrounded by a liquid nitro-
gen cryostat, which acts as a radiation shield. They all have a two-stage 
damping system; in the fi rst stage the whole UHV chamber is mechani-
cally decoupled from the fl oor by pneumatic dampers. The designs 
differ in the way the second damping stage is realized (see Figure 
17–6):

The IBM-Rueschlikon/University Lausanne LT-STM designed by R. 
Gaisch (Gaisch et al., 1992) uses a bellow to mechanically decouple the 
liquid helium cryostat from the liquid nitrogen cryostat and the UHV 
chamber. The STM, however, is rigidly connected to the liquid helium 
cryostat, which results in very effective cooling. However, vibrations 
from the cryostat can reach the STM unattenuated.

The LT-STM designed by G. Meyer and K.H. Rieder (Meyer, 1996) 
has no damping between the liquid helium and the liquid nitrogen 
cryostat; instead the STM is suspended from the He cryostat by small 
extension springs and thereby is mechanically decoupled during mea-
surements. During cooldown the STM is lowered onto a copper plate 
connected to the He cryostat to achieve good thermal contact. Since the 
thin springs are not very good thermal conductors, the STM has to be 
effectively shielded against incoming thermal radiation. This is 
achieved by a two-stage radiation shield with the inner shield con-
nected to the He bath and the outer shield connected to the liquid 
nitrogen bath. The STM is then almost thermally isolated during mea-
surements (see Figure 17–7).
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Figure 17–6. Schematic comparison of different LT-STMs with bath cryostat. 
(A) R. Gaisch/IBM Rueschlikon, (B) G. Meyer/FU Berlin, (C) D. Eigler/IBM 
Almaden. The connection to the LHe cryostat and the second damping stage 
of the STM is shown. (A) and (B) have a cryoshield surrounding the STM. 
In (A) the LHe cryostat is decoupled from the LN2 cryostat by bellows. In (B) 
the STM is decoupled from the LHe cryostat by springs. In (C) the STM is 
decoupled from the LHe cryostat by a bellows-supported pendulum. Thermal 
contact is made by He exchange gas surrounding the evacuated pendulum.
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Figure 17–7. Design of the LT-STM by Prof. Rieder and Dr. Meyer (Free University Berlin), courtesy 
of CreaTec GmbH, distributed by SPECS GmbH.
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The LT-STM build by D. Eigler (Eigler et al., 1990) at IBM-Almaden 
and a similar instrument at Berlin are different from the previous two. 
In both previous instruments, the STM vacuum system and the isola-
tion vacuum of the He and nitrogen reservoirs are connected. In the 
Eigler design the cryogenic vacuum system is not connected to the 
STM vacuum system. Instead the STM is mounted at the end of a 
bellows-supported evacuated pendulum with a resonance frequency 
of about 0.6 Hz. Helium exchange gas provides thermal coupling as 
well as acoustic isolation between the surrounding liquid helium 
dewar and the STM fl ange. The temperature of the STM can be set by 
controlling the helium gas pressure in the exchange gas chamber (Rust 
et al., 2001) (see Figure 17–8). In all designs, mechanical disturbances 
from bubbling liquid nitrogen in the surrounding liquid nitrogen cryo-
stat can be prevented by solidifying the nitrogen by pumping it with 
a rotary pump (which is located far from the microscope) (Jeandupeux 
et al., 1999).

3 Applications

There is a large volume of literature on experiments using a LT-STM 
covering electronic structure and lifetime measurements, measure-
ments on superconductors, atomic and molecular manipulations, 
molecular vibrational spectroscopy, photon-emission spectroscopy, 

Figure 17–8. Illustra-
tion of the basic design 
principle for the Eigler-
style low-temperature 
STM. The STM is 
mounted at the end of a 
bellows-supported pen-
dulum, which is encap-
sulated in an exchange 
gas canister inside of a 
liquid helium dewar. 
Limited variable tem-
perature operation is 
possible by controlling 
the exchange gas pres-
sure. (From Rust et al., 
2001.)
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and measurements of magnetic properties with spin polarized elec-
trons. We can discuss only a small subset of the work done and refer 
to the literature for further reading. For the applications shown here, 
low-temperature operation of the STM has proven to be essential.

3.1 Electronic Structure

Understanding the distribution and response of electrons in solids, the 
electronic structure, is key to explaining and exploiting fundamental and 
technologically important properties of materials. The method of 
choice to obtain information about the electronic structure of solids 
and surfaces in the past decades has been angle-resolved photoemis-
sion spectroscopy (ARPES) and inverse photoemission spectroscopy 
(IPES). The development of low-temperature scanning tunneling 
microscopes operating under ultrahigh vacuum conditions has pro-
vided new opportunities for investigating electronic states at metal 
surfaces. At low temperatures, due to reduced broadening of the Fermi 
level of the STM tip and sample, rather high-energy resolution is 
achievable. Moreover, the absence of diffusion together with the spatial 
resolution of the STM enables detailed studies of the interaction of 
electronic states with single atoms and other nanoscale structures.

3.1.1 LDOS Oscillations
Electrons occupying surface states on the close-packed surfaces of 
noble metals are bound in the direction perpendicular to the surface, 
but have free-electron-like characteristics parallel to the surface 
(Gartland and Slagsvold, 1975; Heimann et al., 1977; Zangwill, 1988). 
On the (111) face of noble metals these surface states arise as a result 
of the gap that exists along the Γ–L line in their bulk Brillouin zone 
(Shockley, 1939). Surface state electrons play an important role in a 
variety of physical processes, including epitaxial growth (Memmel and 
Bertel, 1995), in determining equilibrium crystal shapes (Garcia and 
Serena, 1995), molecular ordering (Stranick et al., 1994a), surface cataly-
sis (Bertel et al., 1995), and physisorption (Bertel, 1997).

Surface state electrons scattered form defects and step edges give 
rise to quantum interference patterns in the electron density, which 
can be probed using the scanning tunneling microscope (Davis et al., 
1991). Standing wave patterns in the LDOS on the Cu(111) surface have 
been observed with an LT-STM for the fi rst time by Crommie et al. 
(1993b). LDOS oscillations at surfaces are the analog to the Friedel 
oscillations of the total charge density (Friedel, 1958). The experiments 
where done at 4 K in an LHe bath cryostat STM (Eigler and Schweizer, 
1990). Figure 17–9 shows a constant current image of the Cu(111) surface 
with static spatial oscillations in the ILDOS. The oscillations decay 
away from step edges and point defects and have a characteristic 
period of ∼15 Å. The amplitude of the corrugations is ∼0.02 Å and is 
greater near the top of step edges than near the bottom. Spatial varia-
tions in the LDOS of the surface at the energy E = EF + eV can be 
approximately mapped out by measuring dI/dV at bias voltage V 
(Crommie et al., 1993b). Figure 17–10 shows dI/dV linescans as a func-
tion of distance to a monoatomic step on Cu(111). The wavelength of 
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Figure 17–9. Standing wave patterns on copper: constant current image of 
the Cu(111) surface (V = 0.1 V, I = 1.0 nA). Three monoatomic steps and several 
point defects are visible. Spatial oscillations of the tunneling current originat-
ing from step edges and defects are evident. Image size: 500 Å × 500 Å. (From 
Crommie et al., 1993b.)

Figure 17–10. Spatial dependence of dI/dV, measured as a function of distance 
(along upper terrace) from step edge on Cu(111) at different bias voltages. Zero 
distance corresponds to the lower edge of the step. The measured wavelength 
of the surface LDOS oscillations changes as a function of energy. Solid lines, 
experiment; dashed lines, theoretical fi t modeling the surface as a two-
dimensional electron gas in the presence of a single hard wall barrier. Inset 
shows the extracted values of k plotted against energy defi ning an experimen-
tal dispersion curve of the surface state. (From Crommie et al., 1993b.)
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the oscillation in the surface LDOS increases with decreasing energy. 
At ∼0.45 eV below EF the LDOS sharply decreases in magnitude. Mea-
suring a full dI/dV spectrum at a fi xed point on the surface revealed 
the origin of this transition: Figure 17–11 shows dI/dV spectra recorded 
with a stationary tip away from steps and on a step while ramping the 
bias from 1.0 to −1.0 V. The spectra taken on a terrace show a sharp 
drop in dI/dV at V ≈ −0.45 V. This corresponds to a sudden decrease in 
the surface LDOS at energies more than 0.45 eV below EF and marks 
the bottom of the Shockley surface state band on Cu(111).

By fi tting the oscillations of the dI/dV linescan data to a simple free 
particle model with hard-wall confi nement at surface steps, the major 
features of the spectra could be explained and a value of the surface 
state electron wavevector k|| for each electron energy could be extracted. 
A plot of these electron wavevectors against electron energy resulted 
in an experimental dispersion curve, as shown in the inset of Figure 
17–10. The k|| data for different energies E − EF were fi tted with the 
dispersion relation for electrons confi ned to two dimensions (dotted 
curve in inset of Figure 17–10):

 E k E
k

m
�

� �( ) = +0

2 2

2 *
 (4)

where E0 is the surface state band edge, m* is the effective mass of the 
surface state electron, and k k kx y� = +2 2  is the electron wavevector 
parallel to the surface. This procedure yielded the surface state effec-
tive mass m* = 0.38 ± 0.02me and the surface state band edge E0 = −0.44 
± 0.01 eV below EF. The extracted value of the surface state band edge 
matched the location of the peak in the dI/dV spectrum of Figure 17–11. 
The measured values where roughly in agreement with previous pho-
toemission results.

In the previous example, scattering of surface state electrons has 
been modeled as scattering at infi nite potential walls. However, absorp-

Figure 17–11. Differential conductance dI/dV spectra taken with tip over 
clean terrace (solid line) and over the center of a step edge (dashed line). The 
increase at ∼0.45 V is due to the onset of the Cu(111) surface state. (From 
Crommie et al., 1993b.)
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tion processes at step edges due to bulk coupling are disregarded with 
this model.

Therefore, a Fabry–Perot resonator model with a step refl ection 
amplitude and scattering phase has been introduced to analyze the 
measured LDOS patterns of electrons confi ned between two parallel 
steps on Ag(111) at 4.9 K. (Burgi et al., 1998). The electron refl ectivity 
has been found to be independent of crystallographic step structure, 
but depends on the step morphology (ascending, descending). Refl ec-
tivity and scattering phase could be quantifi ed for any two parallel 
steps, providing insight into the scattering mechanism.

It has been assumed so far that for measurements close to EF (small 
bias voltage), the LDOS and ILDOS are essentially the same, i.e., a 
constant-current image (topograph) and a dI/dV differential conduc-
tance image should be identical. However, with increasing bias voltage 
the constant-current image should systematically diverge from the 
LDOS (dI/dV) as states from a range of energies contribute to the inte-
grated state density.

One-dimensional electron confi nement has been used to measure 
the bias-dependent difference between the ILDOS and LDOS (Pivetta 
et al., 2003) with a low-temperature STM. The measurements where 
performed in a home-built STM, operating in UHV at 4.8 K (Gaisch 
et al., 1992). The system studied was a quantum box consisting of two-
dimensional surface states on Ag(111) confi ned by two parallel surface 
steps (see Figure 17–12). Constant current cross sections (measuring 
the ILDOS) and dI/dV cross sections (measuring the LDOS) from the 
quantum box perpendicular to the steps were compared at different 
bias voltages. Oscillations in both, constant current and dI/dV curves 
were observed (Figure 17–13). These oscillations are due to the interfer-
ence of the incident and scattered surface state electrons at the box 
boundaries. The measured data were compared with a model calcula-
tion of the LDOS and ILDOS assuming a free particle model with hard 
wall confi nement at surface steps.

The surface state electrons are free in the direction parallel to 
the steps, but due to the boundary conditions given by the one-
dimensional confi nement in a box of width L, the component of the 
electron wavevector perpendicular to the step edges is quantized: k�n 
= πn/L. Each corresponding eigenenergy En(k�n) defi nes the onset of a 
one-dimensional subband En(k||), where E(k||) is the dispersion relation 
(4) for the Ag(111) surface state electrons. Since the tunneling current 
I is calculated by integrating over all energies between the bias eV and 
EF, it contains contributions from several subbands En(k||). Calculating 
the differential conductance dI/dV also requires integration of the DOS 
over a small range of energies given by the modulation amplitude used 
for lock-in detection (here 1–10 mV). Comparison of the model calcula-
tions and experimental measurements could explain the observed 
oscillation patterns in I and dI/dV in terms of the way in which differ-
ent subbands contribute to the signals. The measured data of Pivetta 
et al. (2003) indicate that the difference between differential conduc-
tance and constant-current measurements can already be pronounced 
for bias voltages as small as 19 mV. Thus, even close to EF, the interpre-
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tation of constant current images in terms of the LDOS may not be 
fully correct.

3.1.2 Energy Dispersion Measurements
Energy dispersion measurements as a function of the electron wave-
vector E(k) of surface states on metals is usually performed by tech-
niques such as ARPES for occupied states or IPES for empty states, 
which are selective in both energy and wavevector. As show in Section 
3.1.1, the energy dispersion relation of the surface state can also be 
measured with scanning tunneling spectroscopy (STS) by measuring 
the LDOS on single line scans perpendicular to a straight substrate 
step. Measurement of the LDOS ρs at the surface by means of measur-
ing the differential conductance dI/dV is affected by local variations of 
the tip–sample distance z and therefore does not exactly represent ρs 
(Crommie et al., 1993b; Heller et al., 1994; Hormandinger, 1994). As a 
consequence, the surface state dispersion E(k) determined from dI/dV 
maps deviates somewhat from photoemission spectroscopy results 
(Hormandinger, 1994). Simultaneous measurements of z and dI/dV 

Figure 17–12. Surface 
states confi ned by two 
parallel steps on Ag(111) 
Atomically resolved 
STM constant current 
images at 4.8 K, 20 nm × 
12 nm, I = 1.8 nA at (a) 
+21 mV and (b) +6 mV 
showing standing-wave 
patterns. (c and d) Cross 
sections along the black 
arrows in (a) and (b), 
respectively, showing 
the atomic corrugation 
superimposed on the 
standing waves. The 
solid curves are the cal-
culated ILDOS. (From 
Pivetta et al., 2003.)
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have been used to recover the oscillating LDOS on a close-packed 
Ag(111) surface at T = 50 K (Li et al., 1997).

A dependence of dI/dV on local z variations follows from Eq. (3). If 
the second term in Eq. (3) is neglected, the differential conductance is 
proportional to the product of ρs and T. The exponential z-dependence 
of T causes an error in the measurement of ρs in terms of dI/dV, if the 
tip–sample distance is not constant, but instead is controlled in con-
stant current mode at the same bias voltage where dI/dV is 
measured.

At low bias, the tunneling current results from an integration over 
a narrow energy window and consequently the standing wave oscil-
lations in the ILDOS get more pronounced (less k values contribute to 
the pattern). This causes an oscillation of z, since at every position x, 
the tip height z(x) is adjusted by the feedback loop to follow the ILDOS 
oscillations at the preset constant-current value. Then the simultane-

Figure 17–13. Bias-dependent evolution of the LDOS and ILDOS oscillations 
of surface states confi ned by parallel surface steps. (a) Simultaneously recorded 
constant current (gray shaded) and dI/dV (curves above) cross sections from 
a quantum box of width L = 21.8 nm formed by two parallel steps on Ag(111) 
Bias voltages (mV) are indicated (bias applied to the sample). (b) Calculated 
electron density (gray shaded) and dI/dV. Note the difference between dI/dV 
(LDOS) (three maxima) and topography (ILDOS) (fi ve maxima) at −48 mV, a 
bias voltage that might be considered to be close to EF. (From Pivetta et al., 
2003.)
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ously measured dI/dV signal does not refl ect ρs anymore, because the 
z adjustments infl uence the barrier transmission T, which depends 
exponentially on z. Since dI/dV is proportional to the product of ρs and 
T, ρs at E = eV can be recovered from dI/dV by division with T, which 
is measured by measuring z(x), i.e., a constant-current image. With 
these corrections, good agreement between LT-STM-derived disper-
sion curves E(k) and PES-derived dispersion curves has been achieved 
(Li et al., 1997).

Another solution to avoid convolution between standing waves in 
the tip height z of the constant-current line scan and those in the simul-
taneously recorded dI/dV spectra is to control z at a large negative bias 
voltage (relative to the sample). Under these conditions, the current I 
contains contributions from electronic states with many different oscil-
lation periods (k|| values), which minimizes the standing waves in the 
z signal (ILDOS). Thus the tip moves to a good approximation parallel 
to the surface plane, unaffected by interference patterns in the LDOS. 
The differential conductance is then roughly proportional to the LDOS 
of the sample (Hormandinger, 1994). Such a measurement has been 
published by Jeandupeux et al. (1999), and the result is shown in Figure 
17–14. The upper graph displays the constant-current line scan on 
which the tip was moved while taking differential conductance maps. 
It can be seen that at a bias voltage of V = 0.3 V the tip–surface distance 
is almost unaffected by standing waves and follows the real topogra-
phy. The differential conductance data are represented by gray levels 
as a function of the distance x from the step edge and the energy E. 
This plot already illustrates the dispersion of the Ag(111) surface state: 
from top to bottom the wavelength of the LDOS oscillations increases 
until it diverges at the band edge at E0 = −65 meV. Analyzing constant 
energy cuts of the differential conductance plot in Figure 17–14 in 
quantitative terms by modeling the refl ection of electrons at a potential 
barrier with a refl ected amplitude and a phase shift leads to values for 
the wave number k for each energy, and thus the energy dispersion 
relation E(k) of the Ag(111) surface state, which is shown in Figure 17–
15. The data were in excellent agreement with other STS-derived data 
(Li et al., 1997) and PES data (Paniago et al., 1995).

The previously shown measurements of the dispersion relation on 
noble metal surfaces were limited to k|| vectors around the center of 
the surface Brillouin zone (SBZ) and it has been found that in this limit 
the surface state is free electron like, i.e., has an isotropic parabolic 
dispersion. LT-STS measurements on Ag(111) and Cu(111) over an 
extended energy range have shown a signifi cant deviation from free 
electron behavior for large k|| vectors approaching the symmetry points 
at the SBZ boundary (Burgi et al., 2000b).

Direct visualization of the surface state dispersion on Ag(110) by 
means of Fourier transformation of differential conductance data taken 
with an LT-STM at 4 K at energies up to the vacuum level has also been 
shown (Pascual et al., 2001b). Low temperatures (4 K) enabled the nec-
essary high (2 meV) energy resolution and high stability to allow long 
recording times for the measurement of the differential conductance 
(dI/dV) using lock-in amplifi cation techniques.
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Figure 17–16a shows the LDOS oscillations in front of a step on 
Ag(110) represented by a gray scale, plotted as a function of the dis-
tance form the step edge and the energy. Figure 17–16b shows the one-
dimensional Fourier transform of the spatial one-dimensional 
conductance profi les in Figure 17–16a and visualizes the dispersion of 
the surface state in reciprocal space. A calculation shown in Figure 
17–16c and d with a Bloch wave function limited to the fi rst-order terms 
(G = −1,0,1) could explain the features of Figure 17–16a and b. It could 
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Figure 17–14. LDOS oscillations on Ag(111) at 5 K represented as gray levels 
as a function of the lateral distance from the step x and of bias energy E = eV 
with respect to EF. The upper graph shows the constant-current line scan (V 
= 0.3 V, I = 2.0 nA) on which the STM tip was moved while taking the dI/dV 
spectra. The lower graph is a cut of the dI/dV plot taken along the white line 
at E = 148 meV (dots), and the line is a fi t to theory. (From Jeandupeux et al., 
1999.)
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be shown that the underlying atomic lattice gives rise to additional 
features in reciprocal space arising from coherent interference with 
surface state-derived Bloch waves.

3.1.3 Electron Confi nement
When electrons are confi ned to length scales close to the de Broglie 
wavelength, their behavior is dominated by quantum mechanical 
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Figure 17–15. Energy dispersion relation of the Ag(111) surface state obtained 
from the measurement shown in Figure 17–14. The solid line is a quadratic fi t 
to the STM data and the dotted line shows results from photoemission data 
at 65 K (Paniago et al., 1995). The inset shows a dI/dV spectrum taken on a 
perfect terrace (V = 497 mV, I = 5.0 nA) showing the onset of the surface state 
at 65 mV below the Fermi energy. (From Jeandupeux et al., 1999.)

Figure 17–16. Direct visualization of the surface state dispersion E(k). (a) 
Experimental dI/dV data from Ag(110) at 4 K as a function of energy and dis-
tance from a monoatomic step. (b) One-dimensional Fourier transform of the 
dI/dV vs. Y data, which is a direct visualization of the surface state disperison. 
(c and d) Results from calculations. (From Pascual et al., 2001b.)
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effects, i.e., discrete energy levels are formed. The locality of the probe 
in STM has an advantage over ARPES for the measurement of the 
effects of lateral confi nement of surface-state electrons on the surface-
state energies. Theoretical calculations have suggested that lateral con-
fi nement raises the energies of the surface-state electrons, resulting in 
a depopulation of the surface-state band and a modifi cation of surface 
properties associated with the surface-state electrons (Bertel et al., 1995; 
Memmel and Bertel, 1995; Garcia and Serena, 1995). The energy levels 
of surface-state electrons confi ned within artifi cial nanostructures 
have been measured with an LT-STM for the fi rst time by Crommie 
et al. (1993a). By manipulation with the STM tip, they positioned 48 Fe 
atoms on Cu(111) in the form of a circle, forming a so-called quantum 
corral, which confi nes surface-state electrons in the inner area (Figure 
17–17). A standing wave pattern was observed within the corral. dI/dV 
spectra taken in the center showed that the energy levels of the con-
fi ned electrons are discrete. Good agreement with quantum mechani-
cal calculations of the energy levels for a particle in a box was found. 
For ideal confi nement of electrons (i.e., infi nitely high potential walls) 

Figure 17–17. Various stages during the construction of a circular quantum 
corral consisting of 48 Fe atoms on Cu(111) (measured at 4 K). (From Crommie 
et al., 1993a. Reproduced by permission of IBM Research, Almaden Research 
Center.)



1092 U. Weierstall

the energy levels En should be infi nitely sharp apart from instrumental 
contributions. The measured peak width was interpreted as a lifetime 
effect via ∆tn ≈ -h/∆En, dominated by scattering into bulk states (see 
Section 3.1.4).

Another experiment with a 76-atom “stadium” by the same group 
(Heller et al., 1994) gave further information about the scattering mech-
anism of surface-state electrons at the Fe adatoms. Comparison with s-
wave multiple scattering theory showed that the Fe atoms refl ect only 
about 25% of the incident electron wave, while 25% are transmitted and 
50% are absorbed. Absorption is related to scattering into bulk states.

More recently a systematic study of electron confi nement on nanoscale 
hexagonal Ag islands on Ag(111) was performed (Li et al., 1998b). In 
contrast to adatom corrals, these are stable structures even at elevated 
bias voltages in the STM. Figure 17–18 shows a series of dI/dV maps 
taken on a hexagonal Ag island on Ag(111). For voltages around −65 mV 
and lower (tunneling form of the sample) the image of the interior of 
the island is featureless, since this is below the onset of the surface state 
at −67 mV (Li et al., 1997). At higher voltages standing wave patterns are 
observed, which originate from oscillations in the LDOS of surface-
state electrons, confi ned by the rapidly rising potential at the edges of 
the island. By recording local dI/dV spectra above the center of an island 
with an open feedback loop and varying tunnel voltage, peaks at dif-
ferent energy where recorded, which correspond to the energy levels of 
the confi ned surface-state electrons. The validity of the particle in a box 
model for these confi ned surface states was confi rmed. Analyzing the 
measured energy levels in terms of a particle in a box model showed 
that the energies conform to the expected scaling behavior down to the 
smallest island sizes. The experiments confi rmed that lateral confi ne-
ment is a mechanism for surface-state depopulation since it causes a 
discretization of the formerly continuous SS band and an upward shift 
of the surface-state levels. The fact that ARPES on vicinal Cu(111) sur-
faces (Sanchez et al., 1995) failed to observe the shifts in the surface state 

Figure 17–18. Electron confi nement on nanoscale hexagonal Ag islands. Upper row: constant-current 
image of a hexagonal Ag island on Ag(111) (area ∼94 nm2) and a series of dI/dV maps recorded at 50 K 
at different bias voltages as indicated. Lower row: calculated local density of states for the hexagonal 
box shown at the left. (From Li et al., 1998b.)



 Chapter 17 Low-Temperature Scanning Tunneling Microscopy 1093

energies expected on the basis of ideal confi nement is most likely due 
to the presence of a sizable distribution of terrace widths within the spot 
area of the incident radiation.

Electron confi nement effects have also been observed in metallic 
single-walled carbon nanotubes (SWCNTs) (Maltezopoulos et al., 2003). 
With an LT-STM operating at 14 K (Pietzsch et al., 2000b), dI/dV spectra 
and maps on SWCNTs have been recorded (Figure 17–19). Peaks close 
to the Fermi energy are restricted to a certain area of the nanotube and 
have been assigned to confi ned states within the SWCNT created by 
defect scattering (see Figure 17–20). This shows that defects can lead 
to signifi cant backscattering within individual metallic SWCNTs. These 
fi ndings are important since SWCNTs are considered promising can-
didates for molecular electronics.

LT-STM measurements of the two-dimensional structure of indi-
vidual electron wavefunctions in SWCNTs have been reported (Lemay 
et al., 2001). An SWCNT was deposited on an Au(111) surface. To 
increase the electronic energy-level spacing, the nanotube was cut to 
less than 40 nm length by applying short bias voltage pulses between 
tip and sample. Local spectroscopy with the tip above the nanotube 
showed an energy spectrum with a series of sharp peaks, representing 
confi nement-induced energy levels. Differential conductance maps 
measured at the energies of the peaks revealed spatial patterns that 
could be understood from the electronic structure of a single graphite 
sheet. The patterns observed are a representation of individual molecu-
lar wavefunctions |ψj(r)|2. The wavefunctions exhibited “beating” 
between electron waves with slightly different wavevectors, and this 
intereference effect was exploited to directly probe the electronic dis-
persion relation of an individual nanotube.

3.1.4 Lifetime Measurements
Improved energy resolution (∼3 meV) in photoemission spectroscopy 
has made it possible to study the lifetimes of photoholes in a surface 

Figure 17–19. Electron confi nement in single wall carbon nanotubes: dI/dV 
spectrum of a metallic SWCNT. The oscillations around the Fermi energy (0 V) 
are shown in more detail in Figure 17–20. Inset shows atomically resolved STM 
image of SWCNT at 14 K. (From Maltezopoulos et al., 2003.)
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Figure 17–20. (a) STM 
image of an SWCNT 
end. (b) STS data 
(∼LDOS) taken on the 
left-hand side of the 
dotted line in (a). (c) STS 
data taken on the right-
hand side of the dotted 
line in (a). (d) Spatially 
resolved dI/dV map 
taken at the energy of 
the 46 mV peak 
shows confi nement of 
these states to the area 
on the left. (From 
Maltezopoulos et al., 
2003.)

state. Furthermore, femtosecond time-resolved two photon photoemis-
sion (2PPE) experiments opened up a new path to measure lifetimes 
of hot electrons in metals. A hole in an energy band or a hot electron 
are quasiparticles, elementary excitations of an interacting Fermi liquid. 
A quasiparticle has a lifetime that is the duration of the excitation. In 
combination with its velocity, the lifetime determines the mean free 
path of the quasiparticle and thereby the range of infl uence of the 
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excitation. Lifetimes are determined by inelastic scattering processes, 
i.e., electron–electron (e–e) scattering and electron–phonon (e–ph) scat-
tering. Fermi liquid theory predicts an inverse second power law for 
the energy dependence of the e–e lifetime. It also predicts that e–e 
scattering dominates e–ph scattering at low temperatures and large 
excess energies (≥0.5 eV), whereas at energies very close to the Fermi 
level inelastic scattering is dominated by e–ph processes at all tempera-
tures (Pines, 1966).

In metallic systems, quasiparticle states in two-dimensional systems 
are important in surface science (Memmel, 1998) and nanoscale tech-
nology (Himpsel et al., 1998). One example for a two-dimensional 
systems is a surface state on a noble metal, and here the L-gap Shock-
ley-type surface state on the (111) surface of noble metals has played a 
special role as model systems for the investigation of two-dimensional 
electron systems. The lifetime of a hole in such a surface state band has 
been extensively studied both theoretically and experimentally 
(Matzdorf, 1998), but the discrepancy between experiment and theory 
remained large. This lifetime is of interest as it determines the effective 
range of surface-mediated interactions and is important for epitaxial 
growth and chemical reactions at surfaces (Memmel and Bertel, 1995; 
Bertel et al., 1995). Theoretical models predicted signifi cantly longer 
lifetimes than were observed with photoemission spectroscopy. Using 

Figure 17–21. Imaging individual molecular wavefunctions in a carbon nano-
tube at 4.6 K. (a) Constant-current image of metallic SWNT cut to a length of 
34 nm by bias voltage pulses (scale bar 10 nm). (b) High-resolution constant-
current image of the shortened nanotube (scale bar 0.5 nm). (c) Differential 
conductance spectrum (LDOS) averaged over the area shown in (b) showing 
particle in a box states. (d–f) Differential conductance maps showing individ-
ual states at −95, 30, and 96 meV. (g–i) Calculated spatial maps of individual 
molecular wavefunctions. The characteristic features of each image are well 
reproduced. (From Lemay et al., 2001.)
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ARPES from a surface state, the lifetime of a photohole state can be 
determined by analyzing the spectral linewidth Γ of a photoemission 
excitation. The spectral linewidth of a photoemission line gives access 
to the lifetime τ via Γ = -h/τ. ARPES integrates over a large surface area 
(typically ≥1 mm2) and contains contributions from surface imperfec-
tions over the whole investigated surface range (Theilmann et al., 1997). 
Therefore peak widths in ARPES are infl uenced by surface conditions 
(defects, roughness) as well as fi nite energy and angular resolution 
(so-called nonlifetime effects). Defects on the surface are known to 
strongly couple the surface-state electrons to bulk states and thus 
reduce lifetimes (Crampin et al., 1994). It would be desirable to apply 
the concept of measuring lifetimes from the linewidth of spectral fea-
tures directly to STS. The nonlifetime effects could then be avoided by 
measuring the lifetime locally with an STM tip on a spot bare of impu-
rities. The ability of the STM to detect surface topography and to iden-
tify minute amounts of contamination well below the limits of 
conventional surface analytical techniques ensures that an effectively 
defect-free surface is studied. Since STS does not offer momentum 
resolution, measuring the lifetime of a specifi c state defi ned by its 
momentum k|| and energy E may seem impossible. This problem can 
be circumvented to some extend as shown below.

The surface-state (excited hole) lifetime on Ag(111) has been deter-
mined at the dispersion minimum (k|| = 0) by evaluating the linewidth 
of the surface state onset in dI/dV tunneling spectra (Li et al., 1998a; 
Pivetta et al., 2003; Kliewer et al., 2000). Calculated dI/dV spectra show 
(Li et al., 1998a) that this linewidth depends on the imaginary part Σ 
of the electron self-energy. As Σ increases, the onset of the surface-state 
contribution is seen to broaden. Therefore the measured linewidth can 
be used to estimate Σ or the lifetime τ = -h/2Σ (Li et al., 1998a) of a hole 
in the surface state at the band minimum. The fi rst lifetime measure-
ments (Li et al., 1998a) were performed at a temperature of 5 K using 
W tips on Ag(111). Differential conductance spectra were recorded 
under open feedback loop conditions, adding a modulation voltage 
(1–10 mV at ω = 230 Hz) and using a lock-in amplifi er to record the 
signal at ω. Figure 17–22 shows a dI/dV spectrum measured on a large 
defect-free terrace showing the characteristic surface state band onset 
of width ∆, used to estimate the spectral linewidth (also called lifetime 
width or inverse lifetime) Γ = -h/τ. The geometric width ∆ is a combina-
tion of the spectral linewidth Γ of the surface state, thermal broaden-
ing, and additional broadening due to the modulation technique used 
to measure the spectrum. The electron self-energy Σ and the corre-
sponding lifetime τ = 67 ± 8 fs were determined from a line-shape 
analysis. This measured spectral linewidth was considerably smaller 
than previous PES measurements. A more recent lifetime measure-
ment (Pivetta et al., 2003) with the same method resulted in even 
smaller spectral linewidths, which were about 1 meV smaller than 
recent photoemission (Nicolay et al., 2000) results and theoretical pre-
dictions (Eiguren et al., 2002). Since STS is measured on locally defect-
free surface regions, a smaller spectral linewidth (i.e., a larger lifetime 
of surface hole states) than in photoemission is expected. Lifetimes 
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resulting form STS lineshape analysis where τ = 120, 35, and 27 fs for 
excited holes at the surface-state band edge on Ag, Au, and Cu, respec-
tively (Kliewer et al., 2000). A comparison of linewidths obtained from 
STM measurements with previous PES data (Kliewer et al., 2000) 
showed that for Ag(111) and Au(111), STM measures linewidths smaller 
by a factor of 3 compared to PES (i.e., longer lifetimes). This illustrates 
how large the contribution from electron scattering at surface imper-
fections is. Cu(111) extrapolation of the PES linewidth to zero defect 
density (Theilmann et al., 1997) resulted in good agreement with the 
STM value, which provides evidence that STS measurements avoid 
defect-induced broadening of the linewidth.

In the absence of defect scattering, two processes limit the lifetime 
of the hole: inelastic e–e scattering and e–ph coupling. Inelastic e–e 
scattering results in the hole being fi lled by interband transitions 
involving bulk electrons near the surface or by intraband transitions 
involving surface-state electrons (Figure 17–23). These contributions 
have been estimated theoretically and good agreement of STS mea-
surements of the lifetime width with theoretical values has been 
achieved (Kliewer et al., 2000).

With the method described, lifetimes can be studied only at a single 
energy, namely the energy EΓ̄ at the surface band minimum. Therefore, 
in a different approach, the electron lifetimes have been measured with 
an LT-STM (Burgi et al., 1999; Jeandupeux et al., 1999; Burgi et al., 2000a; 
Vitali et al., 2003) by studying the decay of quantum mechanical inter-
ference patterns from surface-state electrons scattering off step edges. 
The decay length is infl uenced by the loss of coherence and hence the 
phase relaxation length. The phase-relaxation length, i.e., the distance 
an electron can travel without losing its phase information, is directly 
related to the lifetime. If the lifetime is shorter than the time necessary 

Figure 17–22. Surface state lifetime 
measurement. dI/dV spectrum mea-
sured on a large defect-free terrace on 
Ag(111), showing steplike onset of the 
surface state near −70 mV. The surface 
state lifetime can be determined from 
the width ∆ by fi tting it to calculated 
spectra. (From Li et al., 1998a.)
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to refl ect the electron wave back from the step, the phase information 
is lost and the electron wave cannot interfere with itself anymore. The 
electron lifetime τ is related to the phase relaxation length by τ = Lφ/νg, 
where νg is the group velocity (Datta, 1995). The LDOS oscillation 
induced by scattering at a surface step is intrinsically damped and its 
intensity falls off like 1 kx , where k is the electron wave vector and 
x the distance from the step. The phase relaxation length leads to an 
additional damping e−x/Lφ of the interference pattern and can be deter-
mined by fi tting a model function to the data. Lφ(E) and thus τ(E) could 
be extracted from dI/dV scans across step edges for the Shockley-type 
surface states on Ag(111) and Cu(111). This method has the advantage 
that quasiparticle lifetimes can be measured as a function of excess 
energy and not only at the surface-state band edge Γ̄ as with the STS 
peak width method described by Li et al. (1998a). Lifetimes of hot 
electrons injected by the STM tip have been measured for energies 
from the Fermi level to 3 eV excess energy (Vitali et al., 2003; Burgi 
et al., 1999). Figure 17–24 shows a schematic energy diagram of the 
tunneling process: an electron tunnels from the Fermi level of the tip 
into an unoccupied level of the metal, from which, after a short time, 
it will decay to the ground state. Experimental lifetimes of hot elec-
trons as a function of excess energy are shown in Figure 17–25. These 
energy-dependent lifetime measurements of hot electrons have been 
interpreted in terms of e–e scattering, since e–ph lifetimes are inde-
pendent of energy and exceed the measured lifetimes considerably. 

Figure 17–23. Schematic energy diagram of electron (solid circles) tunneling 
from the bottom of the occupied surface state band of the sample to a metallic 
tip (sample bias negative with respect to the tip). Sample states are shown as 
a projected band structure. The dashed parabola indicates the maximum of 
the bulk bands. The intrinsic lifetime of the hole left behind by an electron 
tunneling from sample to tip is determined by inelastic electron–electron 
scattering, which results in either an intraband transition (two-dimensional) 
or an interband transition (three-dimensional). (From Kliewer et al., 2000.)
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The experimental data are found to scale with (E − EF)−2 above 0.5 eV 
as predicted by Fermi-liquid theory, but deviate from the quadratic 
scaling law at low energies. Calculations showed that the main scat-
tering process at low energies are inelastic intraband e–e scattering and 
e–ph scattering, whereas at higher energies e–e interband scattering 
with bulk electrons dominates.

To determine the e–ph scattering contribution to the lifetime, 
temperature-dependent lifetime measurements have been done with 
low-energy quasiparticles (Jeandupeux et al., 1999). Constant-current 
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Figure 17–24. Schematic energy diagram of the tunneling process of hot elec-
trons into the surface state band (sample bias positive with respect to the tip). 
Dots indicate experimental measurements in Vitali et al. (2003). Electrons 
injected at an energy E scatter inelastically with other electrons into unoccu-
pied states with an energy smaller than E. (From Vitali et al., 2003.)

Figure 17–25. Experimental lifetime of hot surface state electrons at the 
Ag(111) surface as a function of energy. The solid line is a fi t of the high energy 
data (solid squares) to the expected (E − EF)−2 behavior in the Fermi liquid 
model. (From Vitali et al., 2003.)
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line scans across the oscillating LDOS at very low bias voltage perpen-
dicular to step edges on Ag(111) have been measured in the temperature 
range of 3.5–178 K and compared with theoretical calculations. By mea-
suring at the Fermi energy, the lifetimes are not reduced by e–e scatter-
ing (since the e–e lifetime is large at EF). The measurements showed that 
the temperature-dependent damping of the standing waves at step 
edges could be very well described by Fermi–Dirac broadening alone. 
Therefore only a lower limit for the e–ph lifetime could be given, point-
ing to signifi cantly longer lifetimes than all previous data.

Below 1 eV the phase relaxation length Lφ becomes longer and longer 
and the damping effect for LDOS oscillations at step edges becomes 
small. Measuring the additional damping of the oscillating LDOS 
caused by Lφ beyond the inherent 1 kx  decay at energies close to the 
Fermi level is very demanding. It has been proposed that by choosing 
a closed scattering geometry such as a quantum corral assembled with 
the low-temperature STM, refl ections add up and contribute to a high 
total intensity, which allows the measurement of small effects. This 
idea was realized and the lifetime of surface-state electrons confi ned 
in an artifi cial atomic structure has been measured at various energies 
on an Ag(111) surface at 6 K (Braun and Rieder, 2002). Ag atoms were 
taken out of the surface by applying short voltage pulses to the tip. By 
means of lateral manipulation, single Ag atoms were then assembled 
along closed-packed row directions to form a triangle with a base 
length of 24 nm as shown in Figure 17–26. The surface-state electrons 
are scattered by the positioned Ag atoms, resulting in a standing wave 
pattern as can be seen in Figure 17–26. For the lifetime determination, 
dI/dV maps were recorded in constant height mode inside the triangle. 
Lifetimes have been determined by fi tting theoretically calculated dI/
dV maps to the experimental maps that have been recorded in the 
energy range of −55 to +796 meV with respect to the Fermi level. The 
model to calculate the dI/dV maps contained three fi t parameters: 
the phase shift and absorption of the electron wave during scattering 
events and the phase-relaxation length. The extracted τ(E) data also 
reproduced the τ ∝ E−2 law predicted by Fermi liquid theory for a 2DEG 
(Pines, 1966). Electrons injected at an energy E scatter inelastically with 
other electrons into unoccupied states with an energy smaller than E. 
This results in a singularity of the lifetime at the Fermi energy due to 
the reduction of the number of available states into which to scatter. In 
accordance with theory, all STM lifetime measurements showed a 
sharp maximum at the Fermi energy.

3.1.5 Stark Effect
The infl uence of the high electric fi eld between the STM tip and the 
sample on STS spectra has been measured in an LT-STM study (Kroger 
et al., 2004). In metals, the electric fi eld is effi ciently screened by the 
conduction electrons. Nevertheless, the wavefunction of surface state 
electrons is evanescent into vacuum and can thus be affected by the 
electric fi eld. By varying the electric fi eld of the microscope through 
the resistance of the junction from 1 GΩ (low fi eld) down to 60 kΩ (high 
fi eld), it could be demonstrated that the STS spectra of the Au(111) and 
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Cu(111) surface states undergo a downward shift that was attributed 
to the Stark effect. The presence of a Stark effect in the noble metal 
surface states even at usual tunneling parameters suggests that this 
effect is quite common for STS.

3.1.6 Long-Range Interactions between Adatoms
The previous studies on standing wave patterns in the electron density 
of surface electron states concentrated on the effects caused by the 
adatom scatterers on the surface-state electrons. On the other hand, 
surface-state electrons give rise to an interaction between the scatter-

Figure 17–26. Series of images showing the construction of the triangle con-
sisting of 51 Ag atoms on an Ag(111) surface (scan area 49.3 nm × 49.3 nm). 
(From Braun, 2001.)
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ers. This surface-state-mediated interaction is long ranged and oscilla-
tory in nature. Quantitative measurements of the long-range interaction 
energy between single Cu adatoms on the Cu(111) surface have been 
performed with a low-temperature STM operated at 9–21 K (Repp 
et al., 2000). The main criteria of the theory of surface-state-mediated 
interaction energy (Lau and Kohn, 1978) could be reproduced in the 
experimental data: the interaction energy is oscillatory with a period 
of λF/2, where λF is the Fermi wavelength, and the envelope of the 
magnitude decays as 1/d2, where d is the adatom separation.

3.1.7 Magnetic Atoms at Surfaces: Kondo Effect
The smallest magnetic structure in condensed matter physics is a single 
magnetic atom in a nonmagnetic host. The localized spin of the mag-
netic atom interacts with the spin of the surrounding delocalized con-
duction electrons. For temperatures below a characteristic Kondo 
temperature TK, this interaction causes the conduction electrons of the 
host metal to condense into a many-body ground state that collectively 
screens the local spin of the impurity. This screening cloud exhibits a 
set of low-energy excitations called the Kondo resonance. Due to the 
formation of the screening cloud, the LDOS near the Fermi energy is 
enhanced at the site of the impurity. The Kondo resonance disappears 
at temperatures above TK, and it energetically splits by the Zeeman 
energy in an applied magnetic fi eld (Hewson, 1993). The Kondo 
resonance shows up as a peak at the Fermi level in high-resolution 
photoemission spectroscopy.

This resonance can be probed locally by STS and manifests itself as 
a sharp (∼10 meV wide) depression in the differential conductivity at 
the Fermi energy. The feature is localized to within ∼1 nm of the Kondo 
impurity, and is observed only at low temperatures. Co impurities on 
Au(111) have been studied (Madhavan et al., 1998) at 4 K. The Kondo 
resonance line shape has been interpreted in terms of quantum inter-
ference resulting of two possible tunneling channels, one direct channel 
into the Co d-orbital and another channel into the surrounding con-
tinuum of conduction band states. A similar observation has been 
made for Ce adatoms on Ag(111) (Li et al., 1998c). A later experiment 
with Co adatoms on Cu(100) and Cu(111) (Knorr et al., 2002) showed 
that while at the Cu(111) surface both tunneling into the localized 
impurity state and into the substrate conduction band contribute to the 
Kondo resonance, tunneling into the conduction band dominates for 
Cu(111) (Figure 17–27).

Another landmark STM experiment showed that when a magnetic 
atom is placed at one focus of a properly sized empty elliptical corral 
built from magnetic atoms, a “mirage” of the Kondo signature in the 
LDOS is cast to the opposite empty focus (Manoharan et al., 2000) more 
than 7 nm away. The experiments were performed with Co atoms on 
Cu(111) with a low-temperature STM at 4 K well below the Kondo tem-
perature of the system. Co atoms were evaporated onto the clean Cu 
surface at 4 K. The ellipses where constructed by use of the adatom 
sliding process (Eigler and Schweizer, 1990; Stroscio and Eigler, 1991). 
Figure 17–28 shows the results of these measurements, simultaneously 
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acquired constant current images, and dI/dV maps of the corrals. dI/dV 
maps measured on the corrals without an interiour atom have been 
subtracted from the maps measured with an interior atom to remove 
the contribution of the LDOS oscillation and emphasize the Kondo 
signal. The constant current images (Figure 17–28a and b) show the 
location of the Co atoms and oscillations in the LDOS due to two-
dimensional confi nement of the surface-state electrons whereas the 
differential conductance spectra show the Kondo signature of Co inside 
the corral. The striking results reveal two interior positions that show a 
Kondo resonance: one signal is centered on the real Co atom at the left 
focus, while the other signal is centered on the empty right focus. The 
localized electronic structure has been projected from the occupied 
focus to the unoccupied focus. Tunneling spectra taken at both foci 
showed that the mirage at the right focus is a faithful spectroscopic 
replica of the real atom at the left focus attenuated by a factor of eight.

An energy-dependent phase shift of electrons scattering off mag-
netic impurities has been shown to explain the observed quantum 
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Figure 17–27. Spectroscopic signature of the Kondo resonance around a single 
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mirage (Fiete et al., 2001) and Schneider et al. (2002) have shown experi-
mentally that this phase shift can also be accurately determined with 
low-temperature STM when the Co atoms are simply adsorbed on 
Ag(111) and are not placed in artifi cial resonators.

3.1.8 Fermi Contour Imaging
It has been demonstrated that with a low-temperature STM an image of 
the surface Fermi contour is directly obtainable by Fourier transform-
ing a low-bias constant-current image of the standing waves in the 
LDOS (Petersen et al., 1998, 2000ab; Sprunger et al., 1997). The wavevec-
tors of electrons with an energy at the Fermi level are confi ned to the 
surface Fermi contour, and consequently standing wave patterns 
observed in low-bias STM images contain information about the entire 
Fermi contour. This information can be extracted by performing a 
simple two-dimensional Fourier transform of the STM image. Thus the 
power spectrum of a low-bias STM image contains an image of the 
surface Fermi contour. For an isotropic free electron like surface state a 
ring is observed in the Fourier transform of the oscillating LDOS image, 

dc

ba

Figure 17–28. Quantum mirage. STM topographs of two elliptical corrals with 
(a) a Co atom at one focus and (b) a Co atom off focus. Associated dI/dV maps 
showing in (c) the Kondo effect projected to the empty right focus, resulting 
in a Co atom mirage; in (d) the mirage vanishes. (From Manoharan et al., 2000. 
Reproduced by permission of IBM Research, Almaden Research Center.)
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as shown in Figure 17–29. The radius of this ring is twice the Fermi wave 
vector 2kF. This is due to the fact that waves in the charge density are 
observed rather than in the actual wavefunction. Application of this 
method to anisotropic surfaces was undertaken by Hofmann et al. 
(1997), who studied the Be(101̄0) surface. An image of the standing 
waves on Be(101̄0) recorded at 4 K is shown in Figure 17–30a. In contrast 
to isotropic surfaces, standing wave patterns on Be(101̄0) are visible 
only when originating from steps in the Γ̄M̄ direction, whereas no 
waves from the steps in the Γ̄Ā direction are present. The two-
dimensional Fourier transform of the standing wave pattern shows the 
Fermi contour at the SBZ boundary as half ellipses. Obviously the 
screening of defects at the surface is highly anisotropic due to the ori-
entation of the Fermi contour. This is a beautiful example of the intimate 
coupling between the Fermi contour and the screening at the surface.

3.2 Single Atom and Molecule Manipulation

The tip of an STM always exerts a force on an adsorbate atom or mol-
ecule. This force contains both van der Waals and electrostatic contri-
butions. By adjusting the position and the voltage of the tip, the 
magnitude and direction of this force may be tuned, thereby enabling 
atomic scale manipulation processes. Two basic modes of transport of 
atoms or molecules have been identifi ed: lateral manipulation, i.e., 
moving particles along the surface by which they maintain contact 
with the substrate, and vertical manipulation, by which the particles 
are picked up by the tip and released back to the surface at a desired 
place. To realize a lateral manipulation experiment, the tip is posi-
tioned on the adsorbate and its height reduced to 0.2–0.4 nm by reduc-
ing the tunneling resistance from ∼1 MΩ to 100 kΩ. The manipulation 
is then performed in constant-current mode and the particle is dragged 

Figure 17–29. Imaging the Fermi contour. (a) Constant-current image of the 
Be(0001) surface at 150 K showing LDOS oscillations. (b) Two-dimensional 
Fourier transform of (a) showing a ring-shaped Fermi contour as expected for 
an isotropic free electron-like surface state. The spots are reciprocal lattice 
vectors and scale reciprocal space. (From Petersen et al., 2000a.)
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by lateral movement of the tip to the fi nal position. As single metal 
atoms or small molecules are mobile at ambient temperatures, experi-
ments on small adsorbates located on low index metal surfaces have 
been conducted at low temperatures. Using an LT-STM reduces or 
eliminates thermally activated diffusion of adatoms on the surface and 
enables the experimenter to build stable nanostructures or synthesize 
molecules atom by atom. The electronic properties of these artifi cial 
structures can then be studied by STS.

Reliable lateral manipulation and build-up of extended nanostruc-
tures on an atomic basis with adsorbed atoms and small molecules at 
low temperatures have been demonstrated by several groups. Don 
Eigler’s group at IBM-Almaden assembled arrays of Xe atoms on Ni(110) 
at 4 K (Eigler and Schweizer, 1990) (Figure 17–31). An atomic switch has 

Figure 17–30. Imaging the Fermi contour. (a) Constant current image of the 
Be(101-0)surface at 4 K with a surface step. Anisotropic scattering at step edges 
results in LDOS oscillations mainly in one direction. (b) Logarithm of the 
power spectrum of the image. The elliptically shaped features originate from 
the Fermi contour of the anisotropic surface states. Inset shows a real space 
top view of the surface and the surface Brillouin zone with the Fermi contour. 
(From Hofmann et al., 1997.)
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been realized where a xenon atom is moved reversibly between two 
stable positions on the STM tip and a nickel surface (Eigler et al., 1991). 
Heat-assisted electromigration (Ralls et al., 1989) has been identifi ed as 
a possible explanation for the vertical manipulation of a xenon atom 
between a nickel surface and the tip (Eigler et al., 1991). Several other 
possible mechanisms responsible for lateral and vertical manipulation 
processes have been investigated (Stroscio and Eigler, 1991). Field-
assisted diffusion, which relies on the static and induced dipole moment 
of the adatom in the strong electric fi eld under the tip, has been identi-
fi ed as being responsible for lateral manipulation of Cs atoms on 
GaAs(110) at room temperature (Whitman et al., 1991). The lateral 
manipulation of Xe on Ni(110) has been attributed to the chemical 
bonding force between the adatom and the tip, since it is not sensitive 
to the sign or the magnitude of the electric fi eld, the voltage, or the 
current. It depends only on the separation of the tip from the substrate 
(Stroscio and Eigler, 1991). A possible mechanism for vertical manipu-
lation of adatoms is transfer on contact, whereby the tip is moved close 
to the adsorbate until the energy barrier separating them is lowered 
enough that thermal activation is suffi cient for atom transfer. This 
process does not need an electric fi eld, whereas fi eld evaporation, 
another possible mechanism, relies on the strong fi eld to create ions 
that are evaporated over the Schottky barrier. Inelastic tunneling, 
which leads to multiple vibrational excitations of the atom–surface 
bond until the bond is broken, has been used to explain the desorption 
of hydrogen atoms along single dimer rows of the Si(100)-2 × 1 surface. 
Linewidths as small as 1 nm have been achieved (Foley et al., 1998) in 
these experiments. Inelastic tunneling was also used to selectively cut 
single molecular bonds in O2 on Pt(111) (Stipe et al., 1997b).

Lateral manipulation of Cu atoms and Co and C2H4 molecules on 
Cu(211) in constant current mode has been demonstrated by Meyer et 
al. (2001) at 15 K. The measured tip height curves during pulling of a 
Cu atom along a close-packed row on Cu(111) showed characteristic 

Figure 17–31. Patterned array of xenon atoms on an Ni(110) surface. The 
atomic structure of the nickel surface is not resolved. Each letter is 5 nm from 
top to bottom. (From Eigler and Schweizer, 1990. Reproduced by permission 
of IBM Research, Almaden Research Center.)
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jumps due to the atom hopping from one fcc adsite to the next. By 
recording the tip height during adatom manipulations, it is possible to 
distinguish three different types of lateral manipulation: pushing, 
pulling, and sliding (Bartels et al., 1997a). During a pulling process the 
adsorbate is situated behind the tip apex with respect to the manipula-
tion direction (attractive tip–adatom interaction). By applying larger 
forces than for pulling, the adsorbate remains under the tip apex 
without escaping sideways from the tip trajectory (sliding mode, attrac-
tive tip–adatom interaction). Small molecules can be manipulated by 
the pushing mode, where the adsorbate is in front of the tip (repulsive 
tip–molecule interaction).

Bias polarity-independent STM-induced desorption of individual 
NH3 molecules from Cu(111) has been demonstrated at 15 K, which 
sometimes leads to transfer of the molecule to the tip (Bartels et al., 
1999). Vertical manipulation of C3H6 molecules at low temperatures has 
also been shown (Meyer et al., 1996). Pb monomers and dimmers on 
Cu(211) have been moved laterally at 20 K. Vertical manipulation of CO 
molecules on Cu(111) has been shown (Bartels et al., 1997b), whereby 
a CO molecule could be reliably transferred between the surface and 
the tip. This ability adds chemical sensitivity to STM: with a tip having 
a CO molecule at its apex, chemical contrast between otherwise similar 
appearing adsorbates has been achieved: CO molecules on Cu(111) 
always appear as depressions independent of the bias polarity when 
imaged with a clean tip. However, when imaged with a tip having a 
CO molecule at its apex, they appear independently of bias polarity as 
protrusions. This inversion of shape allows chemical-sensitive imaging, 
as shown in Figure 17–32. Here, O2 and CO molecules were adsorbed 
on the surface. Both adsorbates where imaged as depressions in the 
STM images with a clean tip. Picking up the dark spot indicated 
with a white arrow yielded a contrast reversal for most dark spots, 
while some of them (black arrow) stayed the same. The conclusion 
was that such spots originate from oxygen, while the others are CO 
molecules.

Not only can adsorbates be manipulated, but single native substrate 
atoms can be removed in a controlled manner from differently coordi-
nated sites of the substrate by using lateral manipulation techniques 
(Meyer et al., 1997). This ability may be of importance in gathering 
information about subsurface defects or to identify surface atoms with 
a time-of-fl ight analyzer (Weierstall and Spence, 1998) after transfer-
ring the atoms to the tip. Reversible lateral displacement of specifi c Si 
adatoms on the Si(111)-7 × 7 surface has been reported at low tempera-
tures (30–175 K) (Stipe et al., 1997a). A single adatom could be reversibly 
displaced as an atomic switch and its position monitored with the tun-
neling current.

The continued miniaturization of electronic devices is leading to an 
increasing interest in the application of single molecules in nanoelec-
tronics (Joachim et al., 2000). In this context, low-temperature STM is 
a fundamental technique to study different molecular conformations 
and to manipulate single molecules, bringing them in electronic contact 
with atomically ordered nanoelectrodes. Extension of the lateral 



 Chapter 17 Low-Temperature Scanning Tunneling Microscopy 1109

manipulation mode from small to large molecules has been demon-
strated at low temperatures (Moresco et al., 2001). Although big mole-
cules have been positioned in a controlled way by room temperature 
STM (Jung et al., 1996, 1997; Gimzewski and Joachim, 1999), the stabil-
ity and low noise level of the LT-STM are necessary to obtain detailed 
and quantitative information about the manipulation process. Complex 
organic molecules show a different translational movement under the 
infl uence of the STM tip than atoms or simple molecules. It has been 
shown that Cu-TBPP, a specially designed porphyrin-based molecule, 
cannot be moved at low temperatures by lateral manipulation in 
constant-current mode. Therefore a constant-height mode for lateral 
manipulation of these molecules was used, where the current signal 
can be used to extract information about the internal movement of the 
molecule under the action of the tip (Moresco et al., 2001). The central 
group of a C90H98 molecule (known as Lander) has been used as a 
model system for a molecular wire. The Lander molecule has the same 
molecular legs as Cu-TBTT, but it has a central polyaromatic molecular 
wire instead of a central porphyrin ring (Figure 17–33). The molecule 
was designed as a central molecular board lifted above the substrate 
by four legs and should act as a short (1.7-nm-long) molecular wire 
when contacted to an atomic step (Langlais et al., 1999). In an LT-STM 
study the conformational changes induced in the Lander upon adsorp-
tion on Cu(001) have been investigated (Kuntze et al., 2002). It has been 
found that the legs of adsorbed Lander molecules are rotated and 
deformed. This leg rotation results in a lowering of the central wire to 

Figure 17–32. Chemical contrast with functionalized tip at 15 K. (Top) STM 
image of oxygen and CO on Cu(111) obtained with a clean metal tip. All adsor-
bates appear as indentations (dark spots) in the image. (Bottom) Same part of 
the surface imaged after picking up the adsorbate marked with a white arrow. 
All adsorbates imaged as protrusions correspond now to CO molecules, 
whereas the adsorbate marked by the black arrow still appears as an indenta-
tion and is therefore identifi ed as oxygen. The fact that the appearance of CO 
changes when imaged with a CO molecule at the tip has been verifi ed on a 
surface where only CO molecules where adsorbed. (Form Bartels et al., 
1997b.)
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0.37 nm above the surface compared to 0.7 nm for the gas phase mole-
cule. Upon adsorption at room temperature the molecules diffuse to 
step edges and are stabilized with their wire parallel to step edges, 
which prevents good electronic contact (Kuntze et al., 2002).

The problem of controlling the electronic contact between the mole-
cule and its electrodes has been addressed in an investigation with the 
Lander molecule. Reproducible contact formation was obtained by 
lateral manipulation of the Lander on Cu(111) with an LT-STM (Moresco 
et al., 2003). The molecules where adsorbed at 70 K instead of room 
temperature to avoid postdeposit thermal diffusion. Figure 17–34 (A3) 
shows an STM image of a single Lander on a terrace where the four 
bumps are attributed to the four legs of the molecule. When a molecule 
is pushed to the step with its central wire parallel to it, it reaches a fi nal 
conformation imaged in Figure 17–34 (B3). Separated by the legs, the 
central wire is not interacting with the step edge and the standing wave 
pattern (LDOS oscillations) (B4) on the upper terrace has not changed. 
If the molecule is repositioned with its wire oriented perpendicular to 
the step edge, a notable modifi cation of the standing wave pattern on 
the upper terrace is observed. The amplitude of the standing wave 
pattern is reduced at the contact point compared to the clean step edge 
case (4C). Simulations of the standing wave pattern indicated that the 
perturbation is caused by the terminal part of the molecular wire on 
the upper terrace. This contact area is visible in the STM image as an 
additional small bump (C3) and its location was confi rmed by elastic-
scattering quantum chemistry STM image calculations (Sautet and 
Joachim, 1991) (C2). The molecule could also be decontacted by reverse 
lateral manipulation, and the original step edge and molecule image 
were recovered.

Figure 17–33. Top view of the chemical structure of the Lander molecule, 
which was designed to be a model system for a molecular wire. The molecular 
wire and the four legs that support the wire are shown. (From Moresco et al., 
2003.)
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Figure 17–34. Contacting a molecular wire to a step: Lander molecules on a 
step-free Cu(111) surface (column A) and contacted to a (100) step. Molecular 
wire parallel (column B) and orthogonal (column C) to the step. Row 1: Sphere 
models of molecular structures. Row 2: Calculated STM images corresponding 
to the sphere models above. Row 3: STM images at 8 K. Row 4: STM measure-
ments showing LDOS oscillations. In (C2) and (C3), an additional bump 
appears corresponding to the contact point of the wire to the step. Modifi ca-
tion of the standing wave pattern on the upper terrace is observed only when 
the wire is orthogonal to the step (C4). (From Moresco et al., 2003.)
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In a variable-temperature STM experiment it has been found that the 
Lander molecule can act as a template, self-fabricating short metallic nano-
structures at step edges. Lander molecules where adsorbed at room tem-
perature on the Cu(110) surface and their conformation and anchoring at 
step edges were studied at 100 K. At room temperature the Cu kink atoms 
are highly mobile and the Lander molecule reshapes the fl uctuating Cu 
step adatoms into tooth-like nanostructures perpendicular to the step 
edges. The dimension and shape of the Lander molecule form a perfect 
template for a double row of Cu atoms. Moving the molecule away form 
the step edge by lateral manipulation at low temperature revealed the 
underlying restructuring of the step edges (Figure 17–35). Upon adsorp-
tion of the Lander molecules at 150 K, no restructuring of the Cu step edges 
was observed, since the mobility of the Cu kink atoms at this temperature 
is not high enough for the molecular template to be effective.

At low temperatures, the short Cu nanowire acts as a sliding “rail” 
for the Lander molecule. By moving the molecule to the end of such a 
nanostructure, a model geometry can be obtained where one end of 
the central molecular wire is electronically connected to the metallic 
wire. A detailed study of the lateral manipulation of the Lander mole-
cule along such an atomic wire has been performed with an LT-STM 
at 8 K (Grill et al., 2004). Lateral displacements of the molecule have 
been separated into monoatomic steps and it has been shown that 
single molecular legs can be rotated reversibly while keeping the 

Figure 17–35. Self-assembly of nanowires at step edges initiated by Lander molecule adsorption. (A–
D) Low-temperature STM images of a manipulation sequence of the Lander molecules from a step 
edge on Cu(110) The arrows show which molecule is being pushed aside; the circles mark the tooth-
like structures that are visible on the step where the molecule was docked. (E) Zoom-in STM image 
showing the characteristic two-row width of the tooth-like structure after removal of a single Lander 
molecule. (From Rosei et al., 2002.)
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central wire fi xed. Comparison with theory confi rmed that the central 
wire is contacted to the metallic Cu atomic wire.

In a recent LT-STM study of the Lander molecule, it has been shown 
that despite the fact that the legs elevate the molecular wire away from 
the surface, there is still an electronic interaction between the central 
wire and the surface states of the substrate (Gross et al., 2004). This 
was shown by comparing the standing wave patterns of surface-state 
electrons scattered off the molecule with calculated patterns taking 
into account scattering from different areas of the molecule.

Chemical bond formation was studied with an LT-STM (Lee and Ho, 
1999). Individual iron atoms were evaporated and coadsorbed with CO 
molecules on an Ag(110) surface at 13 K. A CO molecule was trans-
ferred from the surface to the STM tip and bonded with an Fe atom on 
the surface to form Fe(CO). A second CO molecule could then be added 
to form Fe(Co)2. This is shown in Figure 17–36. The adsorption sites of 

Figure 17–36. Bond formation induced with STM tip. A sequence of STM 
constant-current images at 13 K showing the formation of Fe–CO bonds by 
vertical manipulation. Fe atoms are imaged as protrusions and CO molecules 
as depressions. The white arrows indicate the pair of adsorbates involved in 
each bond formation step. In (B) and (C) a CO molecule has been picked up 
and bonded to an Fe atom to form Fe(CO). In (D) a second CO molecule has 
been bonded to Fe(CO) to form Fe(CO)2. (From Lee and Ho, 1999.) (See color 
plate.)
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Figure 17–37. Elastic and inelastic tunneling channels. Tunneling electrons 
can excite a molecular vibration of energy -hω only if eU > -hω. For smaller 
energies, there is no fi nal state into which the electron can tunnel. Therefore 
the inelastic current has a threshold at -hω/e. The increase in conductance at 
the threshold is typically 1–10% in an STM experiment.

the reactants could be determined by resolving the underlying Ag 
lattice with a CO molecule attached to the tip, which leads to increased 
resolution in the constant-current image. This increase in spatial reso-
lution can be attributed to the more localized wavefunction of the 
molecule-terminated tip. Analysis with inelastic tunneling spectros-
copy provided spectroscopic support for the identifi cation of the created 
single molecule products with Fe(CO) and Fe(CO)2.

Assembly of an artifi cial nanostructure composed of a copper(II) 
phthalocyanine (CuPc) molecule bonded to two gold atomic chains on 
NiAl(110) has been realized with an LT-STM (Nazin et al., 2003b). The 
electronic structure of this model metal–molecule–metal junction was 
studied by spatially resolved STS and systematically tuned by varying 
the number of gold atoms in the chains. Splitting and shifting of 
molecular orbital energies and modifi cation of the local electronic 
structure of the electrodes were observed. These effects determine the 
alignment of the molecular orbital energies with respect to the Fermi 
energy of the metal and affect the conductivity of the junction.

3.3 Local Inelastic Electron Tunneling Spectroscopy

Besides the dominant elastic electron tunneling process, for which the 
electron energy is equal in the initial and fi nal state, inelastic tunneling 
can occur if the tunneling electrons couple to some modes ω in the 
tunneling junction. Figure 17–37 shows an energy diagram for T = 0, 
illustrating elastic and inelastic tunneling processes. In the case of 
inelastic tunneling the electron loses energy -hω to a mode in the tun-
neling barrier. According to the Pauli exclusion principle, tunneling is 
possible only if the fi nal state after the inelastic tunneling event is ini-
tially unoccupied. The bias voltage dependence of the tunneling current 
with inelastic tunneling is shown schematically in Figure 17–38. The 
elastic tunneling current increases linearly, proportional to V. As long 
as the bias voltage is smaller than the lowest energy mode that can be 
excited in the gap, inelastic tunneling processes cannot occur. At the 
threshold bias V = -hω/e, the inelastic channel opens up, and the number 
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of electrons using this channel increases linearly with V. Therefore the 
total current has a kink at the threshold bias voltage. In the differential 
conductance curve dI/dV, the kink becomes a step and the second 
derivative d2I/dV2 exhibits a peak at the threshold. If several modes ωi 
can be excited in the tunneling process, each mode leads to a peak in 
the differential conductance at the corresponding voltage Vi = -hωi/e. 
Inelastic electron tunneling spectroscopy (IETS) can therefore be 
regarded as a special form of electron energy loss spectroscopy.

e
ω

I

total

elastic

V

dI/dV

V

d2I/dV2

V

Figure 17–38. Sche-
matic current versus 
voltage curves with 
elastic and inelastic 
tunneling. A kink is 
observed when the 
inelastic tunneling 
channel opens up. The 
kink becomes a step in 
the fi rst derivative and 
a peak in the second 
derivative.
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IETS has been shown to be a powerful technique for measuring the 
vibrational spectra of molecules that have been intentionally incorpo-
rated into a metal–oxide–metal tunneling junction (Jaklevic and Lambe, 
1966). Vibrational spectroscopy can be performed with a variety of 
other techniques including electron energy loss spectroscopy, infrared 
absorption spectroscopy, Raman spectroscopy, inelastic neutron scat-
tering, and helium atom scattering. All of these techniques have in 
common with IETS that they rely on macroscopic numbers of mole-
cules to achieve detectable signal levels. The signal is therefore an 
average over molecules whose local environment can vary. The major 
drawback of traditional IETS with planar metal–oxide–metal junctions 
is that the molecules are buried within the junction, which is diffi cult 
to characterize microscopically.

Replacing the oxide layer by vacuum and the top planar electrode 
by a sharp STM metal tip has made it possible to extend IETS to single 
adsorbed molecules. One great advantage of performing vibrational 
spectroscopy with the STM is that the high spatial resolution of STM 
images permits changes in molecular spectra to be correlated with 
variations in the local environment on an atomic scale. STM-IETS was 
proposed as early as 1985 (Binnig et al., 1985b). Since the changes in 
tunneling conductance resulting from opening of additional inelastic 
tunneling channels are typically 0.1–1% for planar junctions and 1–10% 
for STM junctions, the relative stability of the tunneling current has to 
be better than 1% to obtain reasonable IET spectra with the STM. The 
physics of tunneling then dictates a tunneling gap stability of better 
than ∼0.005 Ǻ over the time it takes to complete one scan of the spec-
trum (Lauhon and Ho, 2001). Because the vibrational features are very 
sharp, liquid helium temperatures are required to avoid thermal broad-
ening of the Fermi levels. Hansma (1982) estimated an effective resolu-
tion of 5.4kBT (∼140 mV at room temperature) for inelastic tunneling, 
while vibrational features are typically only a few millivolts wide. For 
those reasons, vibrational spectroscopy with the STM has proved dif-
fi cult. First experiments probing a cluster of sorbic acid molecules 
adsorbed on graphite at 4 K reported large jumps in the fi rst derivative 
spectrum instead of the expected second derivative spectrum (Smith 
et al., 1987). The peaks where attributed to characteristic vibrations of 
molecules. However, due to molecular diffusion events during the 
measurements, the spectra were not very reproducible and the energies 
of the peaks were different form those measured in bulk tunnel junc-
tions. Reproducible single-molecule vibrational spectroscopy has been 
achieved only recently with an LT-STM (Stipe et al., 1998). In these 
landmark experiments, a Cu(100) surface was dosed with acetylene 
(C2H2) and deuterated acetylene (C2D2). Vibrational spectra where 
aquired at 8 K above single molecules with the use of a tracking scheme 
to position the tip at the center of the molecule, with lateral and vertical 
resolution of better than 0.1 and 0.01 Ǻ, respectively. Contributions 
from the electronic spectrum of the tip and the substrate could be 
minimized by subtracting spectra taken over a clean area of the surface 
from the molecular spectra. The I–V curves from a single molecule and 
the clean surface (Figure 17–39A) show the expected linear dependence 
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for metallic junctions. The differential conductance dI/dV shows an 
increase of 4.2% at 358 mV, resulting from the excitation of the C—H 
stretch mode (Figure 17–39B). The second derivative d2I/dV2 reveals a 
distinct peak at 358 mV (Figure 17–39C, compare with the idealized 
view of Figure 17–38). An isotopic shift to 266 mV was observed for 
deuterated acetylene and the C—D stretch mode. These values are in 
close agreement with those obtained by EELS for the same molecules 
on Cu(100). The ability to spectroscopically identify molecules with the 
STM makes it possible to implement chemical-sensitive STM imaging. 
This has been demonstrated by recording a d2I/dV2 map above both 
acetylene isotopes. When the dc voltage was fi xed at 358 mV, only one 
of the two molecules (C2H2) was imaged, whereas at 266 mV, the other 
molecule (C2D2) was imaged (Figure 17–40). Thus, individual adsorbed 
molecules can be identifi ed by their vibrational spectra and inelastic 
images. In contrast, identifi cation and characterization of adatoms and 

Figure 17–39. Molecular vibrational spectra observed with the STM at 8 K. (A) 
I–V curves recorded with the STM tip directly over the center of an acetylene 
molecule (1) and over the bar Cu(100) surface (2). (8) dI/dV on the molecule 
(1) and on the substrate (2). (C) d2I/dV2 on the molecule (1) and on the substrate 
(2). A peak at 358 mV is visible in the difference spectrum. (3) An average over 
279 scans of 2 min each (10 h total data acquisition time directly above the 
molecule) with a different tip. The conductance change due to inelastic tun-
neling was 3–4% with different tips. (From Stipe et al., 1998.)
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molecules by electronic spectroscopy with the STM are problematic 
because the electronic energy levels are broadened and shifted upon 
adsorption and the adsorbed molecule’s spectrum becomes convolved 
with the STM tip’s electronic spectrum (Crommie et al., 1993c).

STM-IETS has been used to determine the orientation of individual 
C2HD molecules (deuterated acetylene) adsorbed on the Cu(100) surface 
at 8 K (Stipe et al., 1999a). By setting the bias voltage to the vibrational 
energy of the C—D stretch mode in C2HD, and simultaneous recording 
the constant-current image and the vibrational image (d2I/dV2 map), 
the spatial distribution of the C—D stretch signal within the molecule 
could be determined. Since the inelastic image has its maximum near 
the midpoint of the C—D bond, it locates the position of the bond in 
this case.

The previous two examples show the ability of the LT-STM to resolve 
internal vibrations of molecules adsorbed on surfaces. The internal 
modes can be used in surface chemical analysis for the identifi cation 
of adsorbed species. External vibrations, i.e., vibrations of adsorbed 
molecules with respect to the substrate, are more sensitive to the inter-
action of the adsorbed molecule with the substrate. These external 
modes generally have lower energy than the internal ones, and are not 
easily accessed by some of the averaging vibrational spectroscopy 
methods mentioned above. External vibrational modes of benzene 
molecules on an Ag(110) surface have been detected with an LT-STM 
at 4 K (Pascual et al., 2001a). These measurements confi rmed that the 

Figure 17–40. Chemical sensitive imaging. Spectroscopic spatial images of the 
inelastic channels for C2H2 and C2D2. (A) Constant-current image of a C2H2 

(left) and a C2D2 (right) molecule. This image is an average of STM images 
recorded simultaneously with the vibrational images. The molecules appear 
identical in this normal imaging mode. d2I/dV2 maps (vibrational images) of 
the same area were recorded at (B) 358 mV, (C) 266 mV, and (D) 311 mV. In (B) 
only C2H2 is visible, whereas in (C) C2D2 is visible. The symmetric, round 
appearance of the molecules is attributed to the rotation of the molecule 
between two equivalent orientations during the experiment. (From Stipe et al., 
1998.)
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external vibrations are strongly sensitive to the nature of the molecule–
substrate bond. For internal vibration modes, the inelastic signal has 
been shown to be very localized at the position of the particular bond 
excited (Stipe et al., 1999a). In contrast the spatial distribution of the 
inelastic tunneling, signal for external modes extends over the whole 
area of the molecule (Pascual et al., 2001a).

In a detailed study of temperature effects, electronic structure 
contributions, and tip effects on STM-IETS, Lauhon and Ho (2001) 
suggested that functionalization of the tip by transfer of a known mol-
ecule to the tip offers a means of accessing different vibrational modes. 
This has been confi rmed in later experiments (Moresco et al., 1999; 
Hahn and Ho, 2001) where CO and C2H4 molecules have been trans-
ferred to the tip and single CO and O2 molecules were probed with 
this tip.

There are a few caveats regarding the application and interpretation 
of STM-IETS spectra. In STM-IETS as in traditional IETS, there are no 
strict selection rules. Modes involving motion parallel and perpendicu-
lar to the surface can be excited. Modes are not observed for all mole-
cules and not all modes are necessarily observed for any particular 
molecule. The symmetry of vibrational modes and electronic reso-
nances of an adsorbate seem to give rise to selection rules for vibra-
tional mode detection in STM-IETS (Lorente et al., 2001). A dependence 
of the STM-IETS signal on the molecular orientation on the surface has 
been shown for C60 on Ag(110) (Pascual et al., 2002). The spectroscopic 
maps showed a correlation between the enhanced vibrational signal 
and orientational symmetry of the adsorbed molecule observed in 
constant-current mode.

To complicate matters more, it has been shown that vibrational exci-
tation can lead to suppression of elastic tunneling and produce dips 
instead of peaks in the differential conductance spectrum (Hahn et al., 
2000). This has been recently explained theoretically by Lorente (2004). 
Despite this complexity, there are many advantages of STM-IETS, i.e., 
that the adsorbate geometry is well defi ned and the effect of adsorbate 
orientation can be studied systematically. Recent progress in the theo-
retical analysis of STM-IETS may greatly enhance its ability to probe 
chemistry at the spatial limit (Mingo and Makoshi, 2000; Makoshi and 
Mingo, 2002; Lorente and Persson, 2000; Lorente, 2004).

3.4 STM-Induced Photon Emission

Injection of electrons or holes form the tip of an STM into the surface 
leads to the emission of light for many materials. The fi rst observation 
of light emitted from the tunneling junction of an STM in the low-bias 
tunneling regime (eV < Φ where Φ is the work function) goes back to 
Coombs et al. (1988). The highly localized tunneling current allows 
high spatial resolution that enables experiments with single nanostruc-
tures and molecules. Photon emission from the tunneling junction of 
an STM can be used to measure the optical properties of the sample 
surface in the nanometer regime. Photon emission from metals involves 
surface plasmons, which are inelastically excited by the tunneling elec-
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trons and then decay by the emission of photons (Persson and Baratoff, 
1992). Besides these inelastic excitations, photons can also be emitted 
due to electron-hole recombination in semiconductors (Abraham et al., 
1990). Given that the tunneling currents used for excitation are rather 
small—typically in the nanoampere range—the photon count rates 
tend to be small as well. The photon creation effi ciency is typically of 
the order of 10−4–10−3 photons per tunneling electron (Persson and 
Baratoff, 1992). Increasing the tunneling current in many cases leads 
to spontaneous surface modifi cations, which prevents reproducible 
experiments. Given the low photon count rates, the photon detector has 
to be optimized for maximum collection effi ciency. A number of designs 
have been reported, which make use of lenses (Berndt et al., 1991b; 
Hoffmann et al., 2002a), mirrors (Berndt et al., 1991b; Nilius et al., 2000), 
transparent tips (Smolyaninov et al., 1990; Murashita, 1999), and optical 
fi bers (Arafune et al., 2001). The emitted light can be experimentally 
investigated using a variety of methods (Reihl et al., 1989):

1. Isochromat spectroscopy: The photon energy is kept fi xed while 
the bias voltage is being scanned (at constant tunneling current). This 
allows study of the infl uence of the excitation energy on the intensity 
of particular emission features. During the acquisition of isochromat 
spectra the tip–sample distance is varied by the STM feedback loop to 
maintain constant current. The detectors used are avalanche photodi-
odes or photomultipliers, where the spectral response is limited by an 
optical bandpass fi lter.

2. Fluorescence spectroscopy: The electron energy (i.e., the bias 
voltage) is kept fi xed while the wavelength-resolved distribution of the 
emitted photons is measured. This involves a grating spectrometer and 
a cooled CCD detector. Direct information on light-emitting transitions 
is obtained. This mode allows the observed photon emission to be 
assigned to elementary processes such as interface plasmons in the 
tip–sample cavity or interband transitions in the sample.

3. Luminescence spectroscopy: A special case of (2) for semiconduc-
tors, where the injected electron thermalizes to the bottom of the con-
duction band emitting a characteristic photon.

4. Spatial mapping: A selected feature in the spectra is used to gen-
erate a high-resolution picture of the intensity of the emitted photons. 
Spatial maps are usually acquired simultaneously with a constant-
current image to relate the spectral map to topographic features. In the 
case of luminescence this allows the spatial identifi cation of defects, 
grain boundaries, and dopant concentrations on semiconductor sur-
faces similar to cathodoluminescence in electron microscopy.

STM-induced photon emission from semiconductors has been com-
pared to cathodoluminescence (CL) (Gustafsson et al., 1998) in scan-
ning electron microscopy, photoluminescence (PL) (Montelius et al., 
1992) and inverse photoemission spectroscopy (IPS) (Reihl et al., 1989). 
Measuring luminescence from semiconductors locally by inducing it 
with an STM has distinct advantages: Electron tunneling from the tip 
provides a bright and extremely localized source of electrons. In addi-
tion and unique to STM measurements, holes can be injected by biasing 
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the tip positive with respect to the sample. Comparative measurements 
of STM-induced photon emission in the fi eld emission regime (eV > Φ) 
on Si(111) with STS and normal incidence IPS demonstrated a correla-
tion between those methods, but showed also differences due to the 
local nature and the strong electrostatic fi eld of the STM measurement 
(Reihl et al., 1989).

STM-induced photon emission from metal surfaces involves excita-
tion of a plasmon localized within the region near the end of the tip 
(Aizpurua et al., 2000). The plasmon then decays into photons, which 
are detected in the far fi eld. These plasmons are excited either by 
inelastic tunneling, or by elastic tunneling into the substrate and sub-
sequent thermalization via plasmon generation. Model calculations 
favor inelastic tunneling, which occurs in the tunneling gap as the 
excitation mechanism (Berndt et al., 1991a). This is in contrast to STM-
induced luminescence on semiconductors, where hot electron decay 
within the semiconductor was found to dominate (Abraham et al., 
1990). The resulting photon spectrum resulting from plasmon decay is 
quite broad and has a characteristic energy cutoff determined by the 
sample bias voltage at eVbias. The spectrum is also sensitive to the geom-
etry of the tunnel junction and the tip material (Berndt et al., 1993). 
Fluorescence due to hot electron thermalization, on the other hand, is 
expected to be insensitive to the tunneling gap conditions and produce 
a distinct peak (or a series of peaks) in the photon spectrum. Measure-
ments on Cu(111) in the fi eld emission regime found a close correlation 
between oscillations in the conductance, which arise from standing 
waves in the tip–sample gap, and oscillations in isochromat photon 
spectra (Berndt and Gimzewski, 1993). These fi ndings supported the 
view that for metals inelastic tunneling and coupling to a tip-induced 
plasmon mode occurs in the tunneling gap.

Low temperature in CL (Murashita et al., 1993), PL, and IPS is known 
to increase the intensities of spectral features and/or reduce thermal 
broadening, which can obscure important details in the spectrum. This 
is one reason to perform STM photoemission measurements at low 
temperatures; the other main reason is to improve the long-term drift 
stability necessary to record spatial maps (Hoffmann et al., 2004) and 
photon spectra from single molecules (Qiu et al., 2003).

Low-temperature luminescence experiments on GaAs/AlAs using 
an LT-STM with a transparent tip as detector have been reported 
(Murashita, 1997). Isochromat spectra from individual several-atom 
silver chains assembled with an LT-STM on the NiAl(110) surface have 
been measured showing sensitivity to the number of atoms in the silver 
chain (Nazin et al., 2003a). The changes in photon emission with chain 
size were explained as a quantum size effect. Recently experiments 
with superconducting tips on a superconducting sample were reported 
that showed an energy cutoff at 2eVbias in the isochromat photon spec-
trum. This could not be explained by single electron tunneling and 
was attributed to tunneling of Cooper pairs (Uehara et al., 2001).

The modes of measurement described above (1–4) either provide 
lateral or spectral resolution. Spectral and spatial resolution can be 
obtained simultaneously by recording a spatial map where at each 



1122 U. Weierstall

point in the image a complete fl uorescence spectrum is recorded. The 
tip motion during constant-current imaging is delayed at each pixel for 
a photon detection time of 0.05–1 s (depending on detector sensitivity). 
This mode was named spectroscopic imaging (Hoffmann et al., 2002a). 
From the resulting three-dimensional data set isochromat spatial maps 
at various wavelengths can be extracted. Moreover, changes of the 
sample or tip are easily recognized. The fi rst measurements of this kind 
were conducted by Nishitani et al. (1998) at room temperature. The 
recording time for a complete spectroscopic image was 1 h. Subsequent 
improvements in the photon detection system enabled faster recording 
times and the use of an LT-STM provided less thermal drift (Hoffmann 
et al., 2002a). Atomically resolved isochromat spatial maps have been 
recorded of the Au(110) surface at 4 K where the atomic rows appear 
darker then the troughs (see Figure 17–41). The fi nding that atomic scale 
structures cause clear variations of the photon emission characteristics 
was surprising when it was fi rst observed (Berndt et al., 1995). Theoreti-
cally the local photon emission on metals was expected to extend 
laterally over approximately 50 Ǻ, which is the lateral extent of the tip-
induced plasmons. The fi rst fi nding of atomic scale features in STM-
induced photoemission on Au(110) was explained in terms of the 
tip–sample distance dependence of the photon emission, which is given 
by the coupling to localized plasmon modes (Berndt et al., 1995). This 
model could not explain later measurements that showed that photon 
emission is reduced by a factor of 5 at Ag(111) steps, whereas it is 

Figure 17–41. Atomic scale detail in photon maps: (a) Constant current image 
of a reconstructed Au(110) surface showing two terraces separated by a mono-
atomic step. Marker I: on top of an atomic row. Marker II: below a monoatomic 
step. Marker III: between atomic rows. (b and c) Simultaneously acquired 
photon map is in registry with the topographic data. (b) Photon wavelength 
λ = 671–675 nm. (c) Photon wavelength λ = 762–765 nm. (d) Representative 
spectra normalized to the same peak intensity. Inset: Unnormalized spectra. 
(From Hoffmann et al., 2004.)
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increased by 50% at Au(110) steps. In the new study of atomic resolution 
spectroscopic imaging on Au(110) mentioned above (Hoffmann et al., 
2004), a new model was presented that is consistent with the existing 
data. Atomic resolution on Au(110) and the contrast at steps was attrib-
uted to the local electronic structure and its effect on the elastic and 
inelastic tunneling channels (Hoffmann et al., 2004).

The sensitivity of STM-induced photon emission from metals to the 
conditions of the tunneling gap has been discussed above. New phe-
nomena are observed when molecules are placed in this cavity. In 
spatial photon maps of close packed C60 monolayers on Au(110), indi-
vidual molecules have been resolved as distinct maxima (Berndt et al., 
1994). This could not be explained by photon emission from tip-induced 
plasmon modes alone, since on metals the emission intensity would be 
reduced if the tip–metal distance is increased. Therefore if the emission 
from the C60-covered metal surface was directly due to plasmon 
modes, the increase in tip–metal distance due to the molecules should 
weaken the plasmon modes. But actually the opposite is observed. The 
role of the molecules in the emission process is unclear, although 
molecular fl uorescence has been suggested.

Spatial photon maps and fl uorescence spectra from single hexa-tert-
butyl-decacyclene (HBDC) molecules on Au(111), Ag(111), and Cu(111) 
have been recorded at 4 K (Hoffmann et al., 2002b). Low temperature 
was essential for this measurement, since these molecules are mobile 
on the surface at room temperature. Results similar to C60 are reported, 
i.e., increased emission on the molecule, but no new spectral features 
attributable to molecular fl uorescence were observed. Only a 4-nm 
shift of the HBDC photon spectrum toward shorter wavelengths was 
observed compared to the substrate spectrum.

On a metal surface, the electronic levels of a molecule are consider-
ably broadened whereas light emission is strongly quenched (Barnes, 
1998), making it diffi cult to detect molecule-specifi c emission. In an 
LT-STM study it has been shown that molecular fl uorescence could be 
observed when the molecule (ZnEtiol) was supported on a thin alumi-
num oxide (Al2O3) fi lm grown on an NiAl(110) surface (Qiu et al., 2003). 
The oxide spacer reduces the interaction between the molecule and the 
metal. The photon emission spectra and intensities varied with differ-
ent tips and increased photon emission effi ciency was observed with 
Ag tips compared to W tips. This has been attributed to plasmon excita-
tion in the tunneling gap. To reduce the plasmon signature in the 
spectra the tips were voltage pulsed. After that, photon emission 
spectra with sharp features could be seen when the tip was positioned 
directly above a molecule. Furthermore, the spectra were very sensitive 
to the tip position above the molecule. Light emission has been found 
to be almost identical for molecules of the same conformation. This is 
shown in photon spectra form three different molecules (in the same 
conformation) measured with three different STM tips (Figure 17–42A). 
The spectra could be explained as a superposition of tip-induced 
plasmon emission (which depend on tunneling gap conditions) and 
molecular fl uorescence (which should be nearly independent of gap 
conditions). Molecular fl uorescence is due to electrons tunneling elasti-
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cally into the molecule and creating excited vibrational states that 
make a radiative transition. To eliminate the infl uence of plasmons 
from the spectra, they have been divided by the spectra taken from the 
NiAl surface (Figure 17–42B) with the same tips. The resulting curves 
(Figure 17–42C) show remarkable similarity, indicating that the mole-
cules have nearly identical light emission properties independent of 
the tip. The vibrational features were equidistant in energy with 
spacing of 40 ± 2 meV (Figure 17–42, inset).

Figure 17–42. Molecular fl uorescence from the excitation of vibrational modes 
in a single molecule. (A) Photon emission spectra for three different experi-
ments with three different tips. The spectra where obtained over a single 
ZnEtiol molecule shown in the inset (constant current image) at the marked 
spot. The raw data are plotted together with the smoothed curves. Spectra 1 
and 2 were taken with two different Ag tips and have been offset for clarity. 
Spectrum 3 was obtained with a W tip. The differences in the spectra are due 
to different tip plasmon properties. (B) NiAl light emission spectra measured 
with the same tips and voltages as in (A). (C) Molecular spectra from (A) 
divided by the corresponding NiAl spectra from (B) show remarkable similar-
ity. The inset shows the photon energy of each peak determined for the three 
spectra. (From Qiu et al., 2003.)
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A similar picture for the emission process has been used to explain 
the photon emission measured with an LT-STM from quantum well 
structures formed by Na layers on a Cu(111) surface (Hoffmann et al., 
2001). The photon emission in this experiment was assigned to transi-
tions between the electronic levels of the quantum structure and was 
observed together with tip-induced plasmon emission.

Recently another experiment with a room temperature STM has 
shown molecular fl uorescence from organic molecules decoupled from 
an Au(100) surface by several adsorbed layers of the same molecule 
(Dong et al., 2004). Molecular fl uorescence peaks in the spectra became 
sharper with increased coverage while the plasmon-related band was 
suppressed. Due to the higher thermal drift at room temperature, the 
spectra in this observation were averaged over several molecules.

Weakness of interaction between a molecule and the substrate turns 
out to be essential for the observation of STM-induced molecular fl uo-
rescence. STM-induced fl uorescence combined with imaging and STS 
can be used to probe the interdependence between conformational 
structure, energy levels, and optical properties of single molecules. The 
inherent stability of the LT-STM together with the suppressed molecu-
lar diffusion at low temperatures should enable the study of electron 
dynamics in organic molecules with submolecular resolution.

3.5 Spin-Polarized Scanning Tunneling Microscopy

STM can yield information about magnetic properties by use of spin-
polarized tunneling between a magnetic tip and substrate. The spin 
valve effect predicts that the tunneling current depends on the relative 
orientation of the magnetic moments of the tunneling electrodes 
(Julliere, 1975; Slonczewski, 1988). A magnetic tip acts as a source of 
spin-polarized electrons, probing the spin-split density of states of the 
magnetic sample. This technique allows imaging with atomic spatial 
resolution and, like conventional STM, is mostly sensitive to the topmost 
atomic layer. The ability to probe topography, crystallography, and 
magnetism at the same time renders spin-polarized scanning tunnel-
ing microscopy (SP-STM) a very powerful tool for the investigation of 
magnetic surfaces and monolayers. Since many magnetic phenomena 
exist only below a certain critical temperature, it is advantageous to 
use a low- or variable-temperature STM to observe magnetic materials. 
In addition, measurements on low-dimensional magnetic systems like 
ultrathin fi lms or superparamagnetic particles demand low tempera-
tures, since the Curie temperature Tc in general scales with dimension. 
In addition to those advantages of low temperatures specifi c to SP-
STM, all other advantages mentioned in the introduction apply.

Wiesendanger et al. (1990) explored SP-STM using CrO2 tips on an 
antiferromagnetic Cr(001) surface. These early experiments repre-
sented a mixture between topographic and spin-dependent contrast. 
Discriminating between magnetically caused contrast and contrast 
from other features of the electronic density of states near the Fermi 
level requires images taken with different tips (magnetic and nonmag-
netic). An experimental setup for an LT-STM, which uses an external 
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magnetic fi eld combined with the ability to rotate the sample without 
changing the tip position, has been described (Wittneven et al., 1997). 
This setup enables the determination of the relative magnetic orienta-
tion between the end of the tip and the sample.

Other magnetic imaging techniques and their respective lateral reso-
lution are magnetooptical Kerr effect (MOKE) microscopy (∼300 nm), 
MOKE with scanning near-fi eld optical microscopy (SNOM) (∼50 nm), 
scanning electron microscopy with polarization analysis (SEMPA) 
(∼40 nm), magnetic force microscopy (MFM) (∼20 nm), X-ray magnetic 
linear dichroism photoelectron emission microscopy (XMLD-PEEM) 
(∼20 nm), off-axis electron holography, and Lorentz microscopy for thin 
fi lms (∼20 nm). SP-STM has proven to be capable of atomic resolution, 
which has been shown for the fi rst time on a manganese monolayer on 
W(110) at 16 K (Heinze et al., 2000). A two-dimensional antiferromag-
netic structure as predicted by theory with a periodicity of 4.5 Ǻ has 
been observed as shown in Figure 17–43. This is a considerable advance, 
considering that previous characterizations of antiferromagnetic 
domains could not go beyond micrometer resolution. Spectroscopic 
studies with SP-STM allow the correlation of structural, local elec-
tronic, and local magnetic properties down to the atomic level. This 
has been demonstrated in low-temperature studies of ferromagnetic 
rare earth (Bode et al., 1998) and transition metal (Pietzsch et al., 2000a) 
systems as well as antiferromagnets (Kleiber et al., 2000). The tips used 
in these experiments are nonmagnetic tips coated with a thin layer of 
ferromagnetic (Kleiber et al., 2000) or antiferromagnetic (Kubetzka 
et al., 2002) material. Fe-coated tips are magnetized perpendicular to 
the tip axis at the apex and are therefore sensitive to the in-plane com-
ponent of the sample’s magnetization (Bode et al., 1998, Kleiber et al., 
2000). FeGd-coated tips exhibit a perpendicular magnetic anisotropy 
and are therefore sensitive to the out-of-plane component of the sam-
ple’s magnetization (Kubetzka et al., 2002).

If the LT-STM is built completely from nonmagnetic materials, SP-
STM can be performed in the presence of high magnetic fi elds, which 
enables observation of hysteresis on a nanometer scale (Pietzsch et al., 
2001). The internal spin structure of magnetic vortex states on three-
dimensional Fe islands on W(110) has been resolved recently with an 
LT-STM, as shown in Figure 17–44. A Cr-coated tip was used to map 
out both the curling in plane magnetization around the vortex core as 
well as the perpendicular magnetization within the vortex core (see 
Figure 17–45). The width of the core was determined as 9 ± 1 nm in 
agreement with theory.

The extreme surface sensitivity of the SP-STM (as of all types of STM) 
may be its only weakness with regard to the investigation of coupling 
phenomena. Possible changes in the magnetic confi guration of buried 
layers therefore are hidden from the measurement. These can be ana-
lyzed with XMLD-PEEM (Scholl, 2003), which, because of its elemental 
specifi city and relatively long probing depth (3–5 nm), is able to inves-
tigate layered systems at more modest spatial resolution. However, 
SP-STM is unrivaled for the investigation of the magnetic structure of 
magnetic monolayers, surfaces, or surface alloys at atomic resolution.
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Figure 17–43. Atomic 
resolution magnetic 
imaging with SP-STM. 
(A) Constant-current 
image of one monolayer 
of Mn on W(110) 
recorded with a non-
magnetic W tip at 16 K. 
(B) Image recorded with 
a magnetic Fe tip 
showing an antiferro-
magnetic confi guration 
as predicted by theory. 
The colored insets show 
calculated STM images. 
(C) Experimental and 
theoretical line sections 
from (A) and (B). The 
image size is 2.7 nm by 
2.2 nm. (From Heinze et 
al., 2000.) (See color 
plate.)

Figure 17–44. Magnetic vortex states on Fe islands imaged with SP-STM. (a) Spin-resolved dI/dV map 
of seven monolayers Fe on W(110) measured at 16 K with a Cr-coated tip being sensitive to the in-plane 
component of the sample magnetization. The islands exhibit a magnetic vortex state, as visible in (b). 
(From Wiesendanger et al., 2004.)
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Figure 17–45. Magnetic vortex states on Fe islands at imaged higher magnifi cation. Spin resolved dI/
dV maps measured with an (a) in-plane and (b) out-of-plane sensitive Cr-coated tip. The curling in 
plane magnetization around the vortex core is visible in (a), whereas the magnetization component 
in the direction of the surface normal is seen in (b) as a bright area. (c) Spin-resolved dI/dV signal 
measured around the circle in (a) indicates that the in-plane component continuously curls around 
the core. (d) Spin-resolved dI/dV signal measured along the lines in (a) and (b) showing a vortex core 
width of 9 ± 1 nm. (From Wiesendanger et al., 2004.)
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3.6 Superconductivity

The technique of tunneling was initially used as a tool to understand 
the bulk properties of superconductors. Electron tunneling through 
thin insulating fi lms into superconductors is used to study how the 
density of states in a superconductor is modifi ed. This technique aver-
ages over a macroscopic area and requires a high-quality insulating 
tunneling barrier. By using an STM for these measurements, a control-
lable vacuum barrier is used instead and superconductors can be 
studied, which do not support the formation of good, high-quality insu-
lating fi lms. Moreover, tunneling takes place over only a small area and 
variations in the density of states can be studied on an atomic scale.

According to BCS theory, the superconducting state is a new ground 
state where electrons of opposite momentum and spin form pairs. Any 
excitation of this ground state requires a Cooper pair to be broken into 
two single particle excitations. A minimum energy of ∆, the energy gap, 
is required to create one of these quasiparticles. If an electron tunnels 
from a metallic STM tip into the superconductor, it will enter into one 
of these quasiparticle states. Therefore the tunneling current provides 
a direct measure of the density of these states. Superconductors expel 
a magnetic fi eld up to a certain critical fi eld (Meissner effect). For larger 
fi elds, superconductivity is destroyed. In type II superconductors a 
mixed phase exists for certain magnetic fi eld strengths, consisting of 
hexagonal lattices of normal conducting vortices (fl ux lines) in the 
superconductor, the so-called Abrikosov vortex lattice. Many experi-
ments have confi rmed the existence of these fl ux lines, e.g., electron 
microscopy (Bosch et al., 1985) and electron holography (Matsuda et al., 
1989; Harada et al., 1992; Bonevich et al., 1993). These techniques are 
sensitive to the magnetic fi eld variations. STM, in contrast, is sensitive 
to the electronic structure. The fi rst LT-STM observation of fl ux lines 
and the fl ux lattice has been reported by Hess (Hess, 1991; Hess et al., 
1989, 1990a,b, 1991). Surfaces of NbSe2 have been studied in a ultralow 
temperature STM in a temperature range from 50 mK to 7 K. Differen-
tial conductance spectra in zero applied fi eld showed the development 
of the superconducting energy gap below 7.2 K, which opens up to 
about 1.1 meV at the lowest temperatures. A second discontinuity was 
observed in the density of states at ±34 mV. This feature resulted from 
the charge density wave (CDW) gap, since this material also supports 
a CDW state. Differential conductance spectra taken at 0 mV from a 
single vortex core at an applied fi eld of 500 G showed the normal con-
ducting vortex as a star pattern, which was explained as resulting from 
the 6-fold anisotropy of the atomic crystalline band structure. At 0 mV 
no state should exist in the superconductor, since this is the middle of 
the superconducting gap. Therefore the normal conducting vortex core 
was imaged bright on a dark background. At higher fi elds, the vortices 
organize into a hexagonal lattice. Figure 17–46 shows this lattice at a 
fi eld of 10 kG. The dI/dV map at 1.3 mV was recorded under constant 
current feedback conditions with 1.3 mV bias. The question arises 
whether the localized current from the STM tip is suffi ciently large to 
cause local perturbations such as heating, exceeding the local critical 
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current or creating other nonequilibrium effects in the superconductor. 
No such current-dependent effects could be observed.

LT-STM provides a novel probe of inhomogeneous superconduc-
ting structures, of which the normal metal-to-superconductor planar 
interface is the most basic confi guration. If the electrical contact be-
tween the two metals is good, superconductivity is weakened in the 
superconductor and induced in the normal metal. The phenomenon is 
known as the proximity effect. LT-STM has been used as a local 
probe of the superconducting proximity effect across a normal metal–
superconductor interface of a short coherence length superconductor 
(Tessmer et al., 1996). Both the topography and the local electronic 
density of states were measured at 1.6 K on a superconducting NbSe2 
crystal decorated with nanometer-sized Au islands. A quasiparticle 
bound state was observed not only in the Au islands, but even when 
tunneling directly into the NbSe2, which is evidence for a signifi cant 
reduction of the superconductivity inside the NbSe2 induced by the 
proximity of the Au overlayer. Local tunneling spectroscopy for an 
Nb/In/As/Nb superconducting proximity system was demonstrated 
with a low-temperature scanning tunneling microscope at 4.2 K (Inoue 
and Takayanagi, 1991). It was found that the local electron density of 
states in the InAs region is spatially modulated by the neighboring 
superconductor.

Figure 17–46. Abrikosov fl ux lattice imaged by LT-STM. Differential conduc-
tance map at 1.3 mV (above the superconducting gap) recorded on NbSe2 at 
1.8 K and 10 kG magnetic fi eld. An enhanced density of states is observed away 
from the core and the density of states decreases at the vortex center. (From 
Hess et al., 1989. Reproduced by permission of Bell Labs, Lucent Technologies 
Inc.)
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The local effects of individual Zn impurity atoms in the high-tem-
perature superconductor Bi2Sr2CaCu2O8+δ (BSCCO) have been studied 
with an LT-STM at 4.2 K (Figure 17–47) (Pan et al., 2000). Recording a 
dI/dV map at zero bias, i.e., in the superconducting gap, revealed the 
Zn impurity scattering centers as bright dots. This is an image of the 
quasiparticle density of states in the vicinity of the impurity atoms. 
Imaging of the spatial dependence of the quasiparticle density of states 
in the vicinity of the impurity atoms reveals a four-fold symmetric 
quasiparticle “cloud” aligned with the nodes of the d-wave supercon-

Figure 17–47. Constant current image (a) and zero-bias differential conductance map (b) of a cleaved 
single crystal of BSCCO at 4 K. (a) The surface BiO plane is exposed after cleavage. The atoms form a 
supermodulation along the crystal b-axis. (b) A map of the DOS at the Fermi energy (V = 0) Most of 
the image is dark, which is due to a low quasiparticle DOS at the Fermi level as expected for a super-
conductor far below Tc. The Zn impurities show up as bright features ∼15 Ǻ in extent, each exhibiting 
a cross-shaped structure. (From Pan et al., 2000.)
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ducting gap, which is believed to characterize superconductivity in 
these materials (Figure 17–48).
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Some recent additions to the literature (Chapter 19) 

Additional developments prior to 2008 include the application of diffractive 
imaging to femtosecond soft-X-ray imaging (Chapman et al., 2006) and the 
application of a combined ptychography/iterative  method in X-ray imaging, 
which, by removing the need for compact support, allows use of thin-film 
samples (Rodenburg et al., 2007). There has also been a renaissance of interest 
in Fourier Transform holography (for x-ray imaging), which also solves this 
problem to provide femtosecond, single-shot imaging (Marchesini et al., 2007). 
For divergent-beam in-line X-ray holography (the original Gabor arrange-
ment) combined with iterative phasing to solve the twin-image problem and 
improve resolution, see Williams et al., (2006). A unified theoretical overview 
of all these new phasing methods can be found in Marchesini (2007); see also 
the review by Rodenburg (2008). 
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Electron Holography

Rafal E. Dunin-Borkowski, Takeshi Kasama,
Martha R. McCartney, and David J. Smith

1 Introduction

Electron holography, as originally described by Gabor (1949), is based 
on the formation of an interference pattern or “hologram” in the trans-
mission electron microscope (TEM). In contrast to most conventional 
TEM techniques, which only record spatial distributions of image 
intensity, electron holography allows the phase shift of the high-energy 
electron wave that has passed through the specimen to be measured 
directly. The phase shift can then be used to provide information about 
local variations in magnetic induction and electrostatic potential. This 
chapter provides an overview of the technique of electron holography. 
It begins with an outline of the experimental procedures and theoreti-
cal background that are needed to obtain phase information from 
electron holograms. Medium-resolution applications of electron 
holography to the characterization of magnetic domain structures and 
electrostatic fi elds are then described, followed by a description of 
high-resolution electron holography and alternative modes of electron 
holography. The majority of the experimental results described below 
are obtained using the off-axis, or “sideband,” TEM mode, which is the 
most widely used mode of electron holography at present. For further 
details about electron holography, the interested reader is referred to 
several recent books (e.g., Tonomura et al., 1995; Tonomura, 1998; Völkl 
et al., 1998) and review papers (e.g., Tonomura, 1992; Midgley, 2001; 
Lichte, 2002; Matteucci et al., 2002).

1.1 Basis of Off-Axis Electron Holography

The off-axis mode of electron holography involves the examination of 
an electron-transparent specimen using defocused illumination from 
a highly coherent fi eld-emission gun (FEG) electron source. To acquire 
an off-axis electron hologram, the region of interest on the specimen 
should be positioned so that it covers approximately half the fi eld of 
view. An electron biprism, which takes the form of a fi ne (<1 µm diam-
eter) wire (Möllenstedt and Düker, 1954), is located below the sample, 
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usually in place of one of the conventional selected-area apertures. The 
application of a voltage to the biprism results in overlap of a “reference” 
electron wave that has passed through vacuum (or through a thin 
region of support fi lm) with the electron wave that has passed through 
the specimen, as shown schematically in Figure 18–1a. If the illumina-
tion is suffi ciently coherent, then holographic interference fringes are 

Figure 18–1. (a) Sche-
matic illustration of the 
set-up used for generat-
ing off-axis electron holo-
grams. The specimen 
occupies approximately 
half the fi eld of view. 
Essential components are 
the fi eld-emission gun 
(FEG) electron source, 
which provides coherent 
illumination, and the 
electron biprism, which 
causes overlap of the 
object and (vacuum) 
reference waves. The 
Lorentz lens allows 
imaging of magnetic 
materials in close to fi eld-
free conditions. (b) Off-
axis electron hologram of 
a chain of magnetite 
(Fe3O4) crystals, recorded 
at 200 kV using a Philips 
CM200 FEGTEM. The 
crystals are supported on 
a holey carbon fi lm. Phase 
changes can be seen in 
the form of bending of 
the holographic interfer-
ence fringes as they pass 
through the crystals. 
Fresnel fringes from the 
edges of the biprism 
wire are also visible. 
(Reprinted from Dunin-
Borkowski et al., 2004a.)
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formed in the overlap region, with a spacing that is inversely propor-
tional to the biprism voltage (Matteucci et al., 1998). The amplitude and 
the phase shift of the electron wave from the specimen are recorded 
in the intensity and the position of the holographic fringes, respec-
tively. A representative off-axis electron hologram of a chain of mag-
netite nanocrystals is shown in Figure 18–1b.

For coherent TEM imaging, the electron wavefunction in the image 
plane can be written in the form

 ψi(r) = Ai(r) exp[iφi(r)] (1)

where r is a two-dimensional vector in the plane of the sample, A and 
φ refer to amplitude and phase, and the subscript i refers to the image 
plane. The recorded intensity distribution is then given by the 
expression

 Ii(r) = |Ai(r)|2 (2)

Thus, the image intensity can be described as the modulus squared 
of an electron wavefunction that has been modifi ed by the specimen 
and the objective lens. The intensity distribution in an off-axis electron 
hologram can be represented by the addition of a tilted plane reference 
wave to the complex specimen wave, in the form

 Ihol(r) = |ψi(r) + exp[2πiqc⋅r]|2 (3)
 = l + A2

i(r) + 2Ai(r) cos [2πiqc⋅r + φi(r)] (4)

where the tilt of the reference wave is specifi ed by the two-dimensional 
reciprocal space vector q = qc. It can be seen from Eq. (4) that there are 
three separate contributions to the intensity distribution in a hologram: 
the reference wave, the image wave, and an additional set of cosinu-
soidal fringes with local phase shifts and amplitudes that are exactly 
equivalent to the phase and amplitude of the electron wavefunction in 
the image plane, φi and Ai, respectively.

1.2 Hologram Reconstruction

To obtain amplitude and phase information, the off-axis electron holo-
gram is fi rst Fourier transformed. From Eq. (4), the complex Fourier 
transform of the hologram is given by

 FT[Ihol(r)] = δ(q) + FT[A2
i(r)]

 + δ(q + qc) ⊗ FT{Ai(r) exp[iφi(r)]}
 + δ(q − qc) ⊗ FT{Ai(r) exp[−iφi(r)]} (5)

Equation (5) describes a peak at the reciprocal space origin correspond-
ing to the Fourier transform of the reference image, a second peak 
centered on the origin corresponding to the Fourier transform of a 
bright-fi eld TEM image of the sample, a peak centered at q = −qc corre-
sponding to the Fourier transform of the desired image wavefunction, 
and a peak centered at q = +qc corresponding to the Fourier transform 
of the complex conjugate of the wavefunction.

The reconstruction of a hologram to obtain amplitude and phase 
information is illustrated in Figure 18–2. Figure 18–2a–c shows a 
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hologram of a thin crystal, an enlargement of part of the hologram, 
and a Fourier transform of the entire hologram, respectively. To recover 
the amplitude and the relative phase shift of the electron wavefunction, 
one of the two sidebands is selected digitally and inverse Fourier trans-
formed, as shown in Figure 18–2d. The amplitude and phase of this 
complex wavefunction are then easily calculated.

The impact of electron holography results from the dependence of 
the phase shift on the electrostatic potential and the in-plane compo-
nent of the magnetic induction in the specimen. Neglecting dynamical 
diffraction (i.e., assuming that the specimen is thin and weakly dif-
fracting), the phase shift can be expressed in the form

 φ x C V x z dz
e

B x z dxdz( ) = ( ) − 



 ( )∫ ∫∫ ⊥E , ,
�

 (6)

where

Figure 18–2. (a) Off-axis electron hologram recorded from a thin crystal. (b) 
Enlargement showing interference fringes within the specimen. (c) Fourier 
transform of the electron hologram. (d) Phase image obtained after inverse 
fast Fourier transformation (FFT) of the sideband marked with a box in (c). 
(Reprinted from Dunin-Borkowski et al., 2000.)
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z is in the incident electron beam direction, x is in the plane of the 
specimen, B� is the component of the magnetic induction within and 
outside the specimen perpendicular to both x and z, V is the electro-
static potential, λ is the (relativistic) electron wavelength, and E and E0 
are, respectively, the kinetic and rest mass energies of the incident 
electron (Reimer, 1991). CE has values of 7.29 × 106, 6.53 × 106, and 5.39 
× 106 rad V−1 m−1 at 200 kV, 300 kV, and 1 MV, respectively. If neither V nor 
B� varies along the electron beam direction within a sample of thick-
ness t, then Eq. (6) can be simplifi ed to

 φ x C V x t x
e

B x t x dx( ) = ( ) ( ) − 



 ( ) ( )⊥∫E �

 (8)

By making use of Eqs. (6) and (8), information about V and B� can be 
recovered from a measurement of the phase shift φ, as described 
below.

1.3 Experimental Considerations

In practice, several issues must be addressed to record and analyze an 
electron hologram successfully. A key experimental requirement is the 
availability of a vacuum reference wave that can be overlapped onto 
the region of interest on the specimen, which usually implies that the 
hologram must be recorded from a region close to the specimen edge. 
This restriction can be relaxed if a thin, clean, and weakly diffracting 
region of electron-transparent support fi lm, rather than vacuum, can 
be overlapped onto the region of interest.

As phase information is stored in the lateral displacement of the 
holographic interference fringes, long-range phase modulations arising 
from inhomogeneities in the charge and thickness of the biprism wire, 
as well as from lens distortions and charging effects (e.g., at apertures), 
must be taken into account by using a reference hologram obtained by 
removing the specimen from the fi eld of view without changing the 
optical parameters of the microscope. Correction is then possible by 
performing a complex division of the sample and reference waves in 
real space to obtain the distortion-free phase of the image wave (de 
Ruijter and Weiss, 1993).

The need for this procedure is illustrated in Figure 18–3. Figure 
18–3a shows a reconstructed phase image of a wedge-shaped crystal 
of indium phosphide (InP) obtained before distortion correction, with 
the vacuum region outside the sample edge on the left side of the 
image. Figure 18–3b shows the corresponding vacuum reference phase 
image, which was acquired with the sample removed from the fi eld of 
view but with all other imaging parameters unchanged. The equiphase 
contour lines now correspond to distortions that must be removed 
from the phase image of the sample. Figure 18–3c shows the distortion-
corrected phase image of the sample, which was obtained by dividing 
the two complex image waves. The vacuum region in Figure 18–3c is 
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fl attened substantially by this procedure, which allows relative phase 
changes within the sample to be interpreted much more reliably. The 
acquisition of a reference hologram has the additional advantage that 
it allows the center of the sideband in Fourier space to be determined 
accurately. The use of the same location for the sideband in the Fourier 
transforms of the sample and reference waves removes any tilt of the 
recorded wave that might be introduced by an inability to locate the 
exact (subpixel) position of the sideband frequency in Fourier space.

Figure 18–3. Illustration of distor-
tion correction procedure. (a) Initial 
(six times amplifi ed) phase image of 
a wedge-shaped InP crystal recorded 
at 100 kV using a Philips 400ST 
FEGTEM equipped with a Gatan 
679 slow-scan CCD (charge coupled 
device) camera. (b) Phase image 
obtained from vacuum, with the 
specimen removed from the fi eld of 
view. (c) Corrected phase image, 
obtained by subtracting image (b) 
from image (a). This procedure is 
carried out by dividing the complex 
image waves obtained by inverse 
Fourier transforming the sideband 
obtained from each hologram, and 
by calculating the phase of the 
resulting wavefunction. (Reprinted 
from Smith et al., 1998.)
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Electron holograms have traditionally been recorded on photo-
graphic fi lm, but digital acquisition using charge coupled device (CCD) 
cameras is now widely used due to their linear response, dynamic 
range, and high detection quantum effi ciency, as well as the immediate 
accessibility to the recorded information (de Ruijter, 1995; Meyer and 
Kirkland, 2000). Whether a hologram is recorded on fi lm or digitally, 
the fi eld of view is typically limited to approximately 5 µm by the 
dimensions of the recording medium and the sampling of the holo-
graphic fringes. A phase image that is calculated digitally is usually 
evaluated modulo 2π, meaning that 2π phase discontinuities that are 
unrelated to specimen features will appear at positions where the 
phase shift exceeds this amount. The phase image must often then be 
“unwrapped” using suitable algorithms (Ghiglia and Pritt, 1998).

The high electron beam coherence that is required for electron holo-
graphy requires the use of an FEG electron source, a small spot size, a 
small condenser aperture, and a low gun extraction voltage. The coher-
ence may be improved further by adjusting the condenser lens stigma-
tors in the microscope to provide elliptical illumination that is wide in 
the direction perpendicular to the biprism when the condenser lens is 
overfocused (Smith and McCartney, 1998). The contrast of the holo-
graphic interference fringes is determined primarily by the lateral 
coherence of the electron wave at the specimen level, the mechanical 
stability of the biprism wire, and the point spread function of the 
recording medium. The fringe contrast

 µ = −
+







I I
I I

max min

max min

 (9)

can be determined from a holographic interference fringe pattern that 
has been recorded in the absence of a sample, where Imax and Imin are 
the maximum and minimum intensities of the interference fringes, 
respectively (Völkl et al., 1995). Should the fringe contrast decrease too 
much, reliable reconstruction of the image wavefunction will no longer 
be possible.

The phase detection limit for electron holography (Harscher and 
Lichte, 1996) can be determined from the effect on the recorded holo-
gram of Poisson-distributed shot noise, the detection quantum effi -
ciency and point spread function of the CCD camera, and the fringe 
contrast. The minimum phase difference between two pixels that can 
be detected is given by the expression

 ∆φ
µmin = SNR

N
2

el

 (10)

where SNR is the signal-to-noise ratio, µ is defi ned in Eq. (9), and Nel 
is the number of electrons collected per pixel (Lichte, 1995). In practice, 
some averaging of the measured phase is often implemented, particu-
larly if the features of interest vary slowly across the image or only in 
one direction. A fi nal artifact results from the presence of Fresnel dif-
fraction at the biprism wire, which is visible in Figure 18–1b and causes 
phase and amplitude modulations of both the image and the reference 
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wave (Yamamoto et al., 2000). These effects can be removed to some 
extent by using a reference hologram, and by Fourier fi ltering the 
sideband before reconstruction of the image wave. More advanced 
approaches for removing Fresnel fringes from electron holograms 
based on image analysis (Fujita and McCartney, 2005) and double-
biprism electron holography (Harada et al., 2004; Yamamoto et al., 
2004) have recently been introduced. Great care should also be taken 
to assess the effect on the reference wave of long-range electromagnetic 
fi elds that may extend outside the sample and affect both the object 
wave and the reference wave (Matteucci et al., 1994).

2 Measurement of Mean Inner Potential and 
Sample Thickness

Before describing the application of electron holography to the charac-
terization of magnetic and electrostatic fi elds, the use of the technique 
to measure local variations in specimen morphology and composition 
is considered. Such measurements are possible from a phase image that 
is associated solely with variations in mean inner potential and speci-
men thickness. When a specimen has uniform structure and composi-
tion in the electron beam direction, and in the absence of magnetic and 
long-range electrostatic fi elds (such as those at depletion regions in 
semiconductors), Equation (8) can be rewritten in the form

 φ(x) = CEV0(x)t(x) (11)

where the mean inner potential of the specimen, V0, is the volume 
average of the electrostatic potential (Spence, 1993). Values of V0 can in 
principle be calculated from the equation

 V
h
me

f0

2

2
0=







( )∑π Ω Ω
el

 (12)

by treating the specimen as an array of neutral atoms. In Eq. (12), fel(0) 
are electron scattering factors at zero scattering angle for each atom, 
which have been calculated by, for example, Doyle and Turner (1968) 
and Rez et al. (1994), and Ω is typically the volume of the unit cell in 
a crystalline material. However, values of V0 that are calculated using 
Eq. (12) are invariably overestimated as a result of bonding in the speci-
men (Radi, 1970; Gajdardziska-Josifovska and Carim, 1998). It is there-
fore important to obtain experimental measurements of V0. According 
to Eq. (11), an independent measure of the specimen thickness profi le 
is required to determine V0, for example, by examining a specimen in 
which the thickness changes in a well-defi ned manner, as shown in 
Figure 18–4a for a phase profi le obtained from a 90° wedge of GaAs 
tilted to a weakly diffracting orientation. If the specimen thickness 
profi le is known, then V0 can be determined by measuring the gradient 
of the phase dφ/dx, and making use of the relation

 V
C

d dx
dt dx

0
1= 








E

φ  (13)
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This approach has been used successfully to measure the mean inner 
potential of cleaved wedges and cubes of Si, MgO, GaAs, PbS 
(Gajdardziska-Josifovska et al., 1993; de Ruijter et al., 1992), and Ge (Li 
et al., 1999). The resulting values of V0 that were determined for MgO, 
GaAs, PbS, and Ge using this approach are 13.0 ± 0.1, 14.5 ± 0.2, 17.2 ± 
0.1, and 14.3 ± 0.2 V, respectively. In a similar study, wedge-shaped Si 
samples with stacked Si oxide layers on their surfaces were used to 
measure the mean inner potentials of the oxide layers (Rau et al., 1996). 
Experimental measurements of V0 have been obtained from 20- to 
40-nm-diameter Si nanospheres coated in layers of amorphous SiO2 
(Wang et al., 1997). The mean inner potential of crystalline Si was 
found to be 12.1 ± 1.3 V, that of amorphous Si 11.9 ± 0.9 V, and that of 
amorphous SiO2 10.1 ± 0.6 V. Similar measurements obtained from 
spherical latex particles embedded in vitrifi ed ice have provided values 
for V0 of 8.5 ± 0.7 and 3.5 ± 1.2 V for the two materials, respectively 
(Harscher and Lichte, 1998).

Dynamical contributions to the phase shift complicate the determi-
nation of V0 from crystalline samples. These corrections can be taken 
into account by using either multislice or Bloch wave algorithms. The 

Figure 18–4. (a) Phase profi le plotted as a function of distance into a 90° GaAs 
cleaved wedge specimen tilted to a weakly diffracting orientation. The phase 
change increases approximately linearly with specimen thickness. (b) Phase 
profi le obtained from a GaAs wedge tilted close to a [100] zone axis, showing 
strong dynamical effects. (Reprinted from Gajdardziska-Josifovska and Carim, 
1998.)
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fact that Eq. (11) is no longer valid when the sample is tilted to a 
strongly diffracting orientation is demonstrated in Figure 18–4b for a 
90° cleaved wedge sample of GaAs that has been tilted to a [100] zone 
axis. The phase shift varies nonlinearly with sample thickness, and is 
also very sensitive to small changes in sample orientation. Additional 
experimental factors that may affect measurements of V0 include the 
chemical and physical state and the crystallographic orientation of the 
specimen surface (O’Keeffe and Spence, 1994), and specimen charging 
(Lloyd et al., 1997).

When V0 is already known, then measurements of the phase shift 
can be used to determine the local specimen thickness t. Alternatively, 
the specimen thickness can be inferred from a holographic amplitude 
image in units of λin, the mean free path for inelastic scattering, by 
making use of the relation

 t x A x
A x

( )
= −

( )

( )




λ in

i

r

2 ln  (14)

where Ai(x) and Ar(x) are the measured amplitudes of the sample and 
reference holograms, respectively (McCartney and Gajdardziska-
Josifovska, 1994). If desired, the thickness dependence of both the 
phase and the amplitude image can be removed by combining Eqs. (11) 
and (14) in the form

 φ λx

C
A x
A x
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Equation (15) can be used to generate an image where the contrast 
is the product of the local values of the mean inner potential and the 
inelastic mean free path. These parameters depend only on the local 
composition of the sample, and thus can be useful for interpreting 
images obtained from samples with varying composition and thick-
ness (Weiss et al., 1991).

When the mean inner potential in a specimen is constant or if its 
variation across the specimen is known, then the morphologies of 
nanoscale particles (for which dynamical contributions to the phase 
shift are likely to be small) can be measured using electron holography 
by making use of Eq. (11). Examples of the measurement of particle 
shapes using this approach include the characterization of faceted ZrO2 
crystals (Allard et al., 1996), carbon nanotubes (Lin and Dravid, 1996), 
bacterial fl agellae (Aoyama and Ru, 1996), and atomic-height steps on 
clean surfaces of MoS2 (Tonomura et al., 1985). Such measurements can, 
in principle, be extended to three dimensions by combining electron 
holography with electron tomography, as demonstrated by the acquisi-
tion and analysis of tilt series of electron holograms of latex particles 
(Lai et al., 1994). The demanding nature of these latter measurements 
results from the fact that specimen tilt angles of at least ±60°, as well 
as small tilt steps and accurate alignment of the resulting phase images, 
are all essential to avoid reconstruction artifacts.
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3 Measurement of Magnetic Fields

The most successful and widespread applications of electron hologra-
phy have involved the characterization of magnetic fi elds within and 
surrounding materials at medium spatial resolution. When examining 
magnetic materials, the normal objective lens is usually switched off, 
as its strong magnetic fi eld will likely saturate the magnetization in 
the sample along the electron beam direction. A high-strength mini-
lens located below the objective lens can instead be used to provide 
reasonably high magnifi cation (∼50–75 k×) with the sample still in a 
magnetic fi eld-free environment.

3.1 Early Experiments

Early examples of the examination of magnetic materials using 
electron holography involved the reconstruction of holograms using a 
laser bench, and included the characterization of horseshoe magnets 
(Matsuda et al., 1982), magnetic recording media (Osakabe et al., 1983), 
and vortices in superconductors (Matsuda et al., 1989, 1991; Bonevich 
et al., 1993). The most elegant series of experiments involved the con-
fi rmation of the Aharonov–Bohm effect (Aharonov and Bohm, 1959), 
which states that when an electron wave from a point source passes 
on either side of an infi nitely long solenoid then the relative phase shift 
that occurs between the two parts of the wave should result from the 
presence of a vector potential. In this way, the Aharonov–Bohm effect 
provides the only observable confi rmation of the physical reality of 
gauge theory. Electron holography experiments were carried out on 
20-nm-thick permalloy toroidal magnets that were covered with 300-
nm-thick layers of superconducting Nb, which prevented electrons 
from penetrating the magnetic material and confi ned the magnetic fl ux 
by exploiting the Meissner effect (Tonomura et al., 1982, 1983). The 
observations showed that the phase difference between the center of 
the toroid and the region outside was quantized to a value of 0 or π 
when the temperature was below the Nb superconducting critical tem-
perature (5 K), i.e., when a supercurrent was induced to circulate in the 
magnet. The observed quantization of magnetic fl ux, and the mea-
sured phase differences with the magnetic fi eld entirely screened 
by the superconductor, provided unequivocal confi rmation of the 
Aharonov–Bohm effect.

3.2 Digital Acquisition and Analysis

Recent applications of electron holography to the characterization of 
magnetic fi elds in nanostructured materials have been based on digital 
recording and processing. The examples chosen here highlight the dif-
ferent approaches that can be used to separate a weak magnetic signal 
from a recorded phase image, as well as illustrating the magnetic 
properties of the materials. The off-axis mode of electron holography 
is ideally suited to the characterization of such materials because 
unwanted contributions to the contrast from local variations in 
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composition and specimen thickness can usually be removed from a 
phase image more easily than from images recorded using other TEM 
phase contrast techniques. For example, the Fresnel and Foucault 
modes of Lorentz microscopy and differential phase contrast (DPC) 
imaging provide signals that are approximately proportional to either 
the fi rst or the second differential of the phase shift. These techniques 
inherently enhance contributions to the contrast from rapid variations 
in specimen thickness and composition, as compared to the weak and 
slowly varying magnetic signal.

The digital acquisition, reconstruction, and analysis of electron holo-
grams have allowed magnetic fi elds within samples with small feature 
sizes and rapid variations in thickness or composition to be examined. 
The key advantage of digital analysis is that the magnetic and mean 
inner potential contributions to the measured holographic phase shift 
can be separated, particularly at the edges of nanostructured particles, 
where rapid changes in specimen thickness often dominate both the 
measured phase and the phase gradient. The approaches that can be 
used to achieve this separation are described below. Digital analysis 
also facilitates the construction of line profi les from phase images, 
which can provide quantitative information such as the widths of 
domain walls.

Determination of the phase gradient is particularly useful for a 
magnetic material because of the following relationship, obtained by 
differentiating Eq. (8):

 d x
dx
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B x t x
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According to Eq. (16), for a specimen of uniform thickness and com-
position the phase gradient is proportional to the in-plane component 
of the magnetic induction in the specimen

 d x
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 (17)

A direct graphic representation of the magnetic induction can therefore 
be obtained by adding contours to a magnetic phase image, where 
a phase difference of 2π corresponds to an enclosed magnetic fl ux of 
4 × 10−15 Wb. Signifi cantly, an experimental phase image does not need 
to be unwrapped to evaluate its fi rst differential digitally. Instead, if 
the reconstructed image wave is designated ψ, then the phase differ-
ential can be determined directly from the expression
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Most of the results that are described below were acquired using 
Philips CM200ST and CM300ST FEGTEMs equipped with rotatable 
electron biprisms, and with Lorentz minilenses located in the bores of 
their objective lens pole-pieces. The Lorentz lenses allow electron holo-
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grams to be recorded at magnifi cations of up to ∼75 k× with the speci-
mens located in a magnetic fi eld-free environment.

3.2.1 NdFeB Hard Magnets
Figure 18–5a shows a Lorentz (Fresnel defocus) image of a Nd2Fe14B 
specimen, in which magnetic domains can be seen (McCartney and 
Zhu, 1998). Such images provide little information about the direction 
of the local magnetic induction in the specimen. An electron holo-
graphic phase image acquired from the same area using an interfer-
ence fringe spacing of 2.5 nm is shown in Figure 18–5b. Gradients of 
the phase image were calculated along the +x and −y directions, as 
shown in Figure 18–5c and d, respectively. These images were com-
bined to form a vector map of the magnetic induction, as shown in 
Figure 18–5e. The map is divided into 20-nm squares, and has a low 
contrast phase gradient image superimposed on it for reference pur-
poses. The minimum vector length is zero (corresponding to out-of-
plane induction), while the maximum vector length is consistent with 
a measured induction B = 1.0 T. A vector map of the region marked in 
Figure 18–5e is shown at higher magnifi cation in Figure 18–5f. In this 
map, magnetic vortices show Bloch-like character, with vanishingly 
small vector lengths. Care is needed when interpreting the fi ne details 
in such induction maps due to the undetermined effects of magnetic 
fringing fi elds immediately above and below the sample, as well as 
possible contributions from variations in specimen thickness. A single 
pixel line scan across a 90° domain wall, which appears as the bright 
ridge near the central part of Figure 18–5b, is shown in Figure 18–5g. 
This line profi le places an upper limit of 10 nm on the domain wall 
width, which agrees well with theoretical estimates.

3.2.2 Co Nanoparticle Chains
The dominant nature of the mean inner potential contribution to the 
phase shift recorded from a nanoscale magnetic particle is illustrated 
in Figure 18–6. Figure 18–6a and b shows a hologram and a recon-
structed phase image of a chain of Co particles suspended over a hole 
in a carbon support fi lm (de Graef et al., 1999). Figure 18–6c and d 
shows corresponding line traces determined from the phase image 
across the centers of two particles. Each trace is obtained in a direction 
perpendicular to the chain axis. The magnetic induction and mean 
inner potential of each particle can be determined by fi tting simula-
tions to the experimental line traces. Analytical expressions for the 
expected phase shifts can be derived for a uniformly magnetized 
sphere of radius a, magnetic induction B� (along y), and mean inner 
potential V0 in the form
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Figure 18–5. (a) Room tem-
perature Lorentz (Fresnel 
underfocus) image of an 
Nd2Fe14B hard magnet, 
recorded at 200 kV using a 
Philips CM200 FEGTEM 
operated in Lorentz mode. 
(b) Phase image of the same 
region of the specimen 
reconstructed from an elec-
tron hologram obtained 
using an interference fringe 
spacing of 2.5 nm. (c and d) 
Gradients of the phase 
image shown in (b), calcu-
lated parallel to the +x and 
−y directions, respectively. 
(e) Induction map derived 
from the phase gradients 
shown in (c) and (d). (f) 
Enlargement of the area 
indicated in (e). (g) Lines-
can obtained across a 90° 
domain wall that appears 
as a bright ridge near the 
center of image (b). The line 
profi le provides an upper 
limit for the domain wall 
width of 10 nm. (Reprinted 
from McCartney and Zhu, 
1998.)
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For line profi les obtained through the centers of the particles in a 
direction perpendicular to that of B�, these expressions reduce to
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Figure 18–6. (a) Off-axis electron hologram of a chain of Co particles sus-
pended over a hole in a carbon support fi lm, acquired at 200 kV using a Philips 
CM200 FEGTEM and a biprism voltage of 90 V. (b) Corresponding unwrapped 
phase image. (c and d) Experimental line profi les formed from lines 1 and 2 
in (b), and fi tted phase profi les generated for spherical Co nanoparticles. 
(Reprinted from de Graef et al., 1999.)
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Least squares fi ts of Eqs. (21) and (22) to the experimental data 
points, which are also shown in Figure 18–6c and d, provide best-fi tting 
values for a, B�, and V0 of 17 nm, 1.7 T, and 26 V, respectively.

3.3 Separation of Magnetic and Mean Inner 
Potential Contributions

When characterizing magnetic fi elds inside nanostructured materials, 
the mean inner potential contribution to the measured phase shift 
must in general be removed to interpret the magnetic contribution of 
primary interest. Several approaches can be used. The sample may be 
inverted to change the sign of the magnetic contribution to the signal 
and a second hologram recorded. The sum and the difference of the 
two phase images can then be used to provide twice the magnetic 
contribution, and twice the mean inner potential contribution, respec-
tively (Wohlleben, 1971; Tonomura et al., 1986). Alternatively, two holo-
grams may be acquired from the same area of the specimen at two 
different microscope accelerating voltages. In this case, the magnetic 
signal is independent of accelerating voltage, and subtraction of the 
two phase images can be used to provide the mean inner potential 
contribution. A more practical method of removing the mean inner 
potential contribution involves performing magnetization reversal in 
situ in the electron microscope, and subsequently selecting pairs of 
holograms that differ only in the (opposite) directions of the magneti-
zation. The magnetic and mean inner potential contributions to the 
phase can be calculated by taking half the difference, and half the sum, 
of the phases. The mean inner potential contribution can then be sub-
tracted from all other phase images acquired from the same specimen 
region (Dunin-Borkowski et al., 1998). In situ magnetization reversal, 
which is required both for this purpose and for performing magnetiza-
tion reversal experiments in the TEM, can be achieved by exciting the 
conventional microscope objective lens slightly and tilting the speci-
men to apply known magnetic fi elds, as shown schematically in Figure 
18–7. Subsequently, electron holograms can be recorded with the con-
ventional microscope objective lens switched off and the Lorentz lens 

Figure 18–7. Schematic diagram illustrat-
ing the use of specimen tilt to provide an 
in-plane component of the external fi eld 
for in situ magnetization reversal experi-
ments. (Reprinted from Dunin-Borkowski 
et al., 2000.)
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switched on, while the magnetic specimen is located in a magnetic 
fi eld-free environment.

3.3.1 Magnetite Nanoparticle Chains
The chain of magnetite nanoparticles shown in Figure 18–8 illustrates 
the fact that both the mean inner potential and the magnetic contribu-
tion to the phase shift can provide useful information. In particular, 
the mean inner potential contribution can be used to interpret the 
morphologies and orientations of nanoparticles, as discussed above. 
Figure 18–8a and b shows phase contours generated from, respectively, 
the mean inner potential and magnetic contributions to the phase shift 
at the end of a chain of magnetite (Fe3O4) crystals from a magnetotactic 
bacterium collected from a brackish lagoon at Itaipu in Brazil. The 
magnetic moment that the crystals impart to the bacterial cell results 
in its alignment and subsequent migration along the Earth’s magnetic 
fi eld lines (Blakemore, 1975; Bazylinski and Moskowitz, 1997; Dunlop 
and Özdemir, 1997). Separation of the mean inner potential and mag-
netic contributions to the phase shift was achieved in situ by using the 
fi eld of the conventional microscope objective lens to magnetize each 
chain parallel and then antiparallel to its length, as illustrated in Figure 
18–7. The contours in Figure 18–8a and b have been overlaid onto the 
mean inner potential contribution to the phase. In Figure 18–8a, they 
are associated with variations in specimen thickness and are confi ned 
primarily to the crystals, while in Figure 18–8b they correspond to 
magnetic lines of force, which extend smoothly from within the crys-
tals to the surrounding region. Figure 18–8c shows line profi les mea-
sured across the large and small magnetite crystals visible close to the 
centers of Figure 18–8a and b, in a direction perpendicular to the chain 
axis. Individual experimental data points are shown as open circles. 
Corresponding simulations based on Eq. (8) are shown on the same 
axes. The darker solid line shows the best-fi tting simulation to the data 
for the larger crystal, on the assumption that the external shape is 
formed from a combination of {111}, {110}, and {100} faces. The simula-
tion corresponds to a distorted hexagonal shape in cross section (shown 
as an inset above the fi gure). The lighter line shows a worse fi t, pro-
vided by assuming a diamond shape in cross section.

3.3.2 Co Nanoparticle Rings
An illustration of the characterization of magnetostatic interactions 
between particles that each contains a single magnetic domain is pro-
vided by the examination of rings of 20-nm-diameter crystalline Co 
particles, as shown in Figure 18–9. Such rings are appealing candidates 
for high density information storage applications because they are 
expected to form chiral domain states that exhibit fl ux closure (FC). 
Nanoparticle rings are also of interest for the development of electron 
holography because their magnetization directions cannot be reversed 
by applying an in-plane external fi eld. As a result, phase images were 
obtained both before and after inverting the specimen. The resulting 
pairs of phase images were aligned in position and angle, and their 
sum and difference calculated as described above. Figure 18–9a shows 
a low magnifi cation bright-fi eld image of the Co rings (Tripp et al., 
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Figure 18–8. Phase 
contours showing (a) 
the mean inner poten-
tial and (b) the mag-
netic contribution to 
the phase shift at the 
end of a chain of 
magnetite crystals from 
magnetotactic bacteria 
collected from a brack-
ish lagoon at Itaipu in 
Brazil. The contours 
have been overlaid onto 
the mean inner poten-
tial contribution to the 
phase. (c) Line profi les 
obtained from images 
(a) and (b) across the 
large and small magne-
tite crystals close to the 
center of each image. 
The experimental data 
are shown as open 
circles. The darker line 
shows the best-fi tting 
simulation to the data 
for the larger crystal, 
corresponding to a dis-
torted hexagonal cross 
section (shown above 
the fi gure). The lighter 
line shows the worse fi t 
that results from assum-
ing a diamond shape 
in cross section (also 
shown above the 
fi gure). (Reprinted from 
Dunin-Borkowski et al., 
2004a.)
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Figure 18–9. (a) Low 
magnifi cation bright-
fi eld image of self-
assembled Co nano-
particle rings and 
chains deposited onto 
an amorphous carbon 
support fi lm. Each Co 
particle has a diame-
ter of between 20 and 
30 nm. (b–e) Magnetic 
phase contours (128× 
amplifi  cation; 0.049 
radian spacing), for-
med from the mag-
netic contribution to 
the measured phase 
shift, in four different 
nano particle rings. 
The outlines of the 
nano particles are mar-
ked in white, while 
the direction of the 
measured magnetic 
induction is indicated 
both using arrows and 
according to the color 
wheel shown in (f) (red 
= right, yellow = down, 
green = left, blue = up). 
(Reprinted from 
Dunin-Borkowski et 
al., 2004b.) (See color 
plate.)
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2002). A variety of self-assembled structures is visible, including fi ve- 
and six-particle rings, chains, and closely packed aggregates. The par-
ticles are each encapsulated in a 3- to 4-nm oxide shell. Figure 18–9b–d 
shows magnetic FC states in four different Co particle rings, measured 
using electron holography at room temperature in zero-fi eld conditions 
(Tripp et al., 2003). The magnetic fl ux lines, which are formed from the 
cosine of 128 times the magnetic contribution to the measured phase 
shift, reveal the in-plane induction within each ring ensemble. Further 
electron holography experiments show that the chirality of the FC 
states can be switched in situ in the TEM by using an out-of-plane 
magnetic fi eld.

3.3.3 FeNi Nanoparticle Chains
The magnetic properties of nanoparticle chains have been studied for 
many years (e.g., Jacobs and Bean, 1955). However, there are few experi-
mental measurements of the critical sizes at which individual particles 
that are arranged in chains are large enough to support magnetic vor-
tices rather than single domains. Previous electron holography studies 
of magnetic nanoparticle chains (e.g., Seraphin et al., 1999; Signoretti 
et al., 2003) have never provided direct images of such vortex states. 
Here, we illustrate the use of electron holography to characterize chains 
of ferromagnetic FeNi crystals, whose average diameter of 50 nm is 
expected to be close to the critical size for vortex formation (Hÿtch 
et al., 2003). Figure 18–10a shows a chemical map of a chain of Fe0.56Ni0.44 
nanoparticles, acquired using a Gatan imaging fi lter. The particles are 
each coated in a 3-nm oxide shell. A defocused bright-fi eld image and 
a corresponding electron hologram from part of a chain are shown in 
Figure 18–10b and c, respectively. The mean inner potential contribu-
tion to the phase shift was again determined by using the fi eld of the 
microscope objective lens to magnetize each chain parallel and then 
antiparallel to its length. The external fi eld was removed before fi nally 
recording holograms in fi eld-free conditions. Figure 18–11a and b 
shows the remanent magnetic states of two chains of Fe0.56Ni0.44 parti-
cles, measured using electron holography. For a 75-nm Fe0.56Ni0.44 par-
ticle sandwiched between two smaller particles (Figure 18–11a), closely 
spaced contours run along the chain in a channel of width 22 ± 4 nm. 
A comparison of the result with micromagnetic simulations (Hÿtch 
et al., 2003) indicates that the particle contains a vortex with its axis 
parallel to the chain axis, as shown schematically in Figure 18–11c. In 
Figure 18–11b, a vortex can be seen end-on in a 71-nm particle at the 
end of a chain. The positions of the particle’s neighbors determine 
the handedness of the vortex, with the fl ux channel from the rest of 
the chain sweeping around the core to form concentric circles (Figure 
18–11d). The vortex core, which is now perpendicular to the chain axis, 
is only 9 ± 2 nm in diameter. The larger value of 22 nm observed in 
Figure 18–11a results from magnetostatic interactions along the chain. 
Vortices were never observed in particles below 30 nm in size, while 
intermediate states were observed in 30- to 70-nm particles. Similar 
particles with an alloy concentration of Fe0.10Ni0.90 contain wider fl ux 
channels of diameter ∼70 nm, and single domain states when the par-
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Figure 18–10. (a) Chemical map of Fe0.56Ni0.44 nanoparticles, obtained using 
three-window background-subtracted elemental mapping with a Gatan 
imaging fi lter, showing Fe (red), Ni (blue), and O (green). (b) Bright-fi eld image 
and (c) electron hologram of the end of a chain of Fe0.56Ni0.44 particles. The 
hologram was recorded using an interference fringe spacing of 2.6 nm. 
(Reprinted from Dunin-Borkowski et al., 2004b.) (See color plate.)

ticles are above ∼100 nm in size. The complexity of such vortex states 
highlights the importance of controlling the shapes, sizes, and posi-
tions of closely spaced magnetic nanocrystals for applications in mag-
netic storage devices.

3.3.4 Planar Arrays of Magnetite Nanoparticles
The magnetic behavior of the chains and rings of nanomagnets 
described above contrasts with that of a regular two-dimensional array 
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of closely spaced crystals. Figure 18–12 shows chemical maps of a 
crystalline region of a naturally occurring magnetite–ulvöspinel 
(Fe3O4–Fe2TiO4) mineral specimen, which has exsolved during slow 
cooling to yield an intergrowth of magnetite-rich blocks separated by 
nonmagnetic ulvöspinel-rich lamellae (Price, 1981). The Fe and Ti 
chemical maps shown in Figure 18–12 were obtained using three-
window background-subtracted elemental mapping with a Gatan 
imaging fi lter. Exsolution lamellae subdivide the grain into a fairly 
regular array of magnetite-rich blocks. The specimen thickness 
increases from 70 nm at the top of the region to 195 nm at the bottom. 
The magnetite blocks are, therefore, roughly equidimensional. Rema-
nent magnetic states were recorded by tilting the specimen in zero fi eld 
and then turning the objective lens on fully to saturate the sample, to 
provide a known starting point from which further fi elds could be 
applied. The objective lens was then turned off, the specimen tilted in 
zero fi eld in the opposite direction, and the objective lens was excited 
partially to apply a known in-plane fi eld component to the specimen 
in the opposite direction. The objective lens was switched off and the 
sample tilted back to 0° in zero fi eld to record each hologram. This 
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Figure 18–11. (a and b) Experimental phase contours showing the strength of 
the local magnetic induction (integrated in the electron beam direction) in two 
different chains of Fe0.56Ni0.44 particles, recorded with the electron microscope 
objective lens switched off. The particle diameters are (a) 75 nm between two 
smaller particles and (b) 71 nm at the end of a chain. Contours, whose spacings 
are 0.083 and 0.2 radians for images (a) and (b), respectively, have been over-
laid onto oxygen maps of the particles recorded using a Gatan imaging fi lter. 
The mean inner potential contribution to the measured phase shift has been 
removed from each image. (c and d) Schematic representations of the magnetic 
microstructure in the chains. Magnetic vortices spinning about the chain axis 
are visible in (c) and (d). A vortex spinning perpendicular to the chain axis is 
also visible in (d). (Reprinted from Dunin-Borkowski et al., 2004b.)
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procedure was repeated for a number of different applied fi elds 
(Harrison et al., 2002). Mean inner potential contributions to the 
measured phase shifts were removed using a procedure different from 
that used for the chains and rings of nanoparticles described above. 
Although both thickness and composition vary in the magnetite–
ulvöspinel specimen, the different compositions of magnetite and 
ulvöspinel are compensated by their densities in such a way that their 
mean inner potentials are exactly equal. As a result, only a thickness 
correction is required. The local specimen thickness across the region 
of interest was determined in units of inelastic mean free path by using 
energy-fi ltered imaging. This thickness measurement was then used 
to determine the mean inner potential contribution to the phase shift, 
which was in turn used to establish the magnetic contribution to the 
phase. Figure 18–13 shows eight of the resulting remanent magnetic 
states recorded after applying the in-plane fi elds indicated. The black 
contour lines provide the direction and magnitude of the magnetic 
induction in the plane of the sample, which can be correlated with the 
positions of the magnetite blocks (outlined in white). The direction of 
the induction is also indicated using colors and arrows, according to 
the color wheel shown at the bottom of the fi gure. Figure 18–13 shows 
that the magnetic domain structure in this sample is extremely complex. 
In Figure 18–13, the smallest block observed to form a vortex is larger 
than the predicted minimum size of 70 nm for vortices to form in 
isolated cubes of magnetite. The abundance of single domain states 
implies that they have lower energy than vortex states in the presence 
of strong interactions. The demagnetizing energy, which normally 
destabilizes the single domain state with respect to the vortex state in 
isolated particles, is greatly reduced in an array of strongly interacting 
particles.

Figure 18–12. Three-window background-subtracted elemental maps 
acquired from a naturally occurring titanomagnetite sample with a Gatan 
imaging fi lter using (a) the Fe L edge and (b) the Ti L edge. Brighter contrast 
indicates a higher concentration of Fe and Ti in (a) and (b), respectively. 
(Reprinted from Dunin-Borkowski et al., 2004b.)
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3.3.5 Lithographically Patterned Magnetic Nanostructures
Specimen preparation presents a challenge for many samples of inter-
est that contain nanostructured magnetic materials. One example is 
provided by nanomagnet arrays that have been fabricated directly onto 
an Si substrate using interferometric lithography (Ross, 2001). Figure 
18–14a shows a scanning electron microscope image of nominally 100-
nm-diameter 20-nm-thick Co dots fabricated on Si in a square array of 
side 200 nm. The dots were prepared for TEM examination using 
focused ion beam milling in plan-view geometry, by micromachining 
a trench from the substrate side of the specimen to leave a free-
standing 10 × 12-µm membrane of crystalline Si, which was approxi-
mately 100 nm in thickness and contained over 3000 Co dots. Figure 
18–14b shows an off-axis electron hologram recorded from part of the 
electron-transparent membrane containing the dots. The specimen was 
tilted slightly away from zone axis orientations of the underlying Si 
substrate to minimize diffraction contrast. The specimen edge is toward 
the bottom left of the fi gure (Dunin-Borkowski et al., 2001). Figure 18–
14c and d shows contours of spacing 0.033 ≈ π/94 radians that have 
been added to the (slightly smoothed) magnetic contribution to the 
holographic phase, for two different remanent magnetic states of the 
Co dots. In Figure 18–14c, which was recorded after saturating the dots 
upward and then removing the external fi eld, the dots are oriented 
magnetically in the direction of the applied fi eld. In contrast, in Figure 
18–14d, which was formed by saturating the dots upward, applying a 
382 Oe downward fi eld and then removing the external fi eld, the dots 
are magnetized in a range of directions. The experiments show that 
the dots are sometimes magnetized out of the plane (e.g., at the bottom 
left of Figure 18–14d). The measured saturation magnetizations are 
smaller than expected for pure Co, possibly because of oxidation or 
damage sustained during specimen preparation. Similar electrode-
posited 57-nm-diameter 200-nm-high Ni pillars arranged in square 
arrays of side 100 nm, which were prepared for TEM examination using 
focused ion beam milling in a cross-sectional geometry, have also been 
examined. Despite their shape, not all of the Ni pillars were magne-
tized parallel to their long axes. Instead, they interacted with each 
other strongly, with two, three, or more adjacent pillars combining to 
form vortices.

Figure 18–13. Magnetic phase contours from the region shown in Figure 8–12, 
measured using electron holography. Each image was acquired with the speci-
men in magnetic fi eld-free conditions. The outlines of the magnetite-rich 
regions are marked in white, while the direction of the measured magnetic 
induction is indicated both using arrows and according to the color wheel 
shown at the bottom of the fi gure (red = right, yellow = down, green = left, 
blue = up). Images (a), (c), (e), and (g) were obtained after applying a large 
(>10,000 Oe) fi eld toward the top left, then the indicated fi eld toward the 
bottom right, after which the external magnetic fi eld was removed for holo-
gram acquisition. Images (b), (d), (f), and (h) were obtained after applying 
identical fi elds in the opposite directions. (Reprinted from Harrison et al., 
2002.) (See color plate.)

�
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Figure 18–14. (a) Scan-
ning electron micro-
scope image of 100-nm-
diameter 20-nm-thick 
Co dots fabricated on 
Si in a square array of 
side 200 nm using inter-
ferometric lithography. 
(b) Off-axis electron 
hologram of part of an 
electron-transparent 
membrane containing 
the dots, prepared using 
focused ion beam 
milling. The hologram 
was acquired at 200 kV 
using a Philips CM200 
FEGTEM, a biprism 
voltage of 160 V, a holo-
graphic interference 
fringe spacing of 3.05 nm, 
and an overlap width of 
1.04 µm. (c and d) Mag-
netic con tributions to 
the measured electron 
holographic phase shift 
for two remanent mag-
netic states. The contour 
spacing is 0.033 radians: 
(c) was formed by satu-
rating the dots upward 
and then removing the 
external fi eld; (d) was 
formed by saturating 
the dots upward, apply-
ing a 382 Oe downward 
fi eld, and then removing 
the external fi eld. 
(Reprinted from Dunin-
Borkowski et al., 2001.)
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Results similar to those shown in Figure 18–14 have been obtained 
from a wide range of larger lithographically patterned structures, 
many of which show multidomain behavior (Dunin-Borkowski et al., 
2000; Hu et al., 2005; Heumann et al., 2005). Few phase contours are 
visible outside such elements when they support magnetic fl ux closure 
states. Electron holography has also been used to provide information 
about magnetic interactions between closely separated ferromagnetic 
layers within individual Co/Au/Ni spin-valve elements (Smith et al., 
2000). The presence of two different contour spacings at different 
applied fi elds in such elements is associated with the reversal of the 
magnetization direction of the Ni layer in each element before the 
external fi eld is reduced to zero as a result of fl ux closure associated 
with the strong fringing fi eld of the magnetically more massive and 
closely adjacent Co layer.

3.3.6 Co Nanowires
An important question relates to the minimum size of a nanostructure 
in which magnetic fi elds can be characterized successfully using elec-
tron holography. This point is now addressed through the character-
ization of 4-nm-diameter single crystalline Co nanowires (Snoeck 
et al., 2003). The diffi culty of this measurement results from the fact 
that the mean inner potential contribution to the phase shift at the 
center of a 4-nm wire relative to that in vacuum is 0.57 radians (assum-
ing a value for V0 of 22 V), whereas the step in the magnetic contribu-
tion to the phase shift across the wire is only 0.032 radians (assuming 
a value for B of 1.6 T). Figure 18–15a shows a bright-fi eld TEM image 
of a bundle of 4-nm-diameter Co wires, which are each between a few 
hundred nanometers and several hundred micrometers in length. 
Magnetic contributions to the phase shift were obtained by recording 
two holograms from each area of interest, where the wires were mag-
netized parallel and then antiparallel to their length by tilting the 
sample by ±30° about an axis perpendicular to the wire axis and using 
the conventional microscope objective lens to apply a large in-plane 
fi eld to the specimen. The lens was then switched off and the sample 
returned to zero tilt to record each electron hologram. This procedure 
relies on the ability to reverse the magnetization in the sample exactly, 
which is a good assumption for these narrow and highly anisotropic 
wires. Figure 18–15b shows the magnetic contribution to the measured 
phase shift for an isolated wire, in the form of contours that are spaced 
0.005 radians apart. The contours have been overlaid onto an image 
showing the mean inner potential contribution to the phase shift, so 
that they can be correlated with the position of the wire. The magnetic 
signal is weak and noisy, and was smoothed before forming the con-
tours. The closely spaced contours along the length of the wire confi rm 
that it is magnetized along its axis. The fact that they are not straight 
is intriguing. However, this effect may result from smoothing of the 
signal, which is noisy and weak. Figure 18–16a shows a montage of 
three holograms obtained close to the end of a bundle of Co wires, 
which was magnetized approximately parallel to its length. The 
magnetic contribution to the measured phase shift is shown in Figure 
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18–16b in the form of contours, which are spaced 0.25 radians apart. 
The wires channel the magnetic fl ux effi ciently along their length, and 
they fan out as the fi eld decreases in strength at the end of the bundle. 
Although the signal from the bundle appears overall to obscure that 
from individual wires and junctions, these details can be recovered by 
increasing the density of the contours (Snoeck et al., 2003). The slight 
asymmetry between the contours on either side of the bundle in Figure 
18–16b may result from the fact that the reference wave is affected by 
the magnetic leakage fi eld of the bundle, which acts collectively as 
though it were a single wire of larger diameter. The step in phase across 
the bundle is (9.0 ± 0.2) radians, which is consistent with the presence 
of (280 ± 7) ferromagnetically coupled wires.

a

b

Figure 18–15. (a) Bright-fi eld image of the end of a bundle of Co nanowires 
adjacent to a hole in a carbon support fi lm. (b) Contours (0.005 radian spacing) 
generated from the magnetic contribution to the phase shift for a single iso-
lated Co nanowire, superimposed onto the mean inner potential contribution 
to the measured phase shift. (Reprinted from Snoeck et al., 2003.)
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3.3.7 Cross-Sectional Specimens
One of the most challenging problems for electron holography of mag-
netic materials is the quantitative measurement of the magnetic prop-
erties of nanometer-scale magnetic layers when examined in cross 
section. The primary diffi culty is the presence of rapid and unknown 
variations in both the composition and the thickness of the specimen, 
from which the weak magnetic signal must be separated. In a cross-
sectional sample, the effects of variations in specimen thickness on the 
measurements cannot be eliminated by using the normalized ampli-
tude of the hologram [Eq. (14)], both because the mean free path in 
each material in such a cross-sectional specimen is usually unknown 

a

b

Figure 18–16. (a) Montage of three electron holograms acquired from the end of a bundle of Co 
nanowires. The biprism voltage is 210 V, the acquisition time for each hologram 16 s, the holographic 
interference fringe spacing is 3.9 nm, and the holographic overlap width is 1160 nm. No objective aper-
ture was used. (b) Magnetic remanent state, displayed in the form of contours (0.25 radian spacing), 
generated from the measured magnetic contribution to the electron holographic phase shift after satu-
rating the wires in the direction of the axis of the bundle. The contours are superimposed onto the 
mean inner potential contribution to the phase shift. (Reprinted from Snoeck et al., 2003.)
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and because the amplitude image is in general noisy and may contain 
strong contributions from diffraction and Fresnel contrast. However, 
by rearranging Eqs. (8) and (16), it can be shown that specimen thick-
ness effects may be removed by plotting the difference in the phase 
gradient between images in which the magnetization has reversed 
divided by the average of their phases, multiplied by a constant and 
by the value of the mean inner potential of each magnetic layer sepa-
rately. Formally, this procedure can be written
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(23)

According to Eq. (23), by combining phase profi les and their gradients 
(evaluated in a direction perpendicular to the layers) from successive 
holograms with the magnetization direction reversed, the specimen 
thickness profi le can be eliminated and the magnetic induction in each 
layer determined quantitatively. Both the magnitude and the sign of 
∆B�(x,y) = 2B�(x,y) are obtained exactly using Eq. (23) if the magnetiza-
tion reverses exactly everywhere in the sample. (The denominator on 
the right-hand side of the equation is then unity.) Furthermore, nonzero 
values are returned only in regions where the magnetization has 
changed. Figure 18–17 illustrates the application of Eq. (23) to a cross-
sectional magnetic tunnel junction that contains a layer sequence of 
22 nm Co/4 nm HfO2/36 nm CoFe on an Si substrate (McCartney and 

Figure 18–17. (a) Off-axis electron hologram obtained from a magnetic tunnel 
junction containing a 4-nm HfO2 tunnel barrier. (b) Measured phase profi le 
across the layers in the tunnel junction structure. (c) Image formed by record-
ing two holograms with opposite directions of magnetization in the specimen, 
and subsequently taking the difference between the recorded phase gradients 
(calculated in a direction perpendicular to the layers) and dividing by the 
average of the two phases. (d) Measured magnetic induction in the tunnel 
junction sample, generated by multiplying a line profi le obtained from image 
(c) by a constant (see text for details), with the vertical scale now plotted in 
units of Tesla. (Reprinted from McCartney and Dunin-Borkowski, 1998.)
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Dunin-Borkowski, 1998). Two holograms were obtained, similar to that 
shown in Figure 18–17a, between which the magnetization directions 
of the Co and CoFe layers in the specimen were reversed in situ in the 
electron microscope. Figure 18–17b shows an unwrapped phase profi le 
obtained from the hologram in Figure 18–17a by taking a line profi le 
in the direction perpendicular to the layers. Phase profi les from the 
two holograms appeared almost identical irrespective of the direction 
of magnetization. The application of Eq. (23) to the two phase images 
results in the image shown in Figure 18–17c. The line profi le in Figure 
18–17d was obtained by averaging Figure 18–17c parallel to the direc-
tion of the layers. As predicted, Figure 18–17d, which should by now 
be independent of variations in composition and specimen thickness, 
is nonzero only in the magnetic layers and yields a value for the mag-
netic induction in the Co layer of 1.5 T (assuming a mean inner poten-
tial of 25 V). In a similar experiment, holograms of La0.5Ca0.5MnO3 have 
recently been acquired both above and below the Curie temperature 
of the material to remove specimen thickness and mean inner potential 
contributions from the measured phase (Loudon et al., 2003).

3.4 Quantitative Measurements, Micromagnetic Simulations, 
and Resolution

A particular strength of electron holography is its ability to provide 
quantitative information about magnetic properties. For example, the 
magnetic moment of a nanoparticle can be obtained from the 
relation

 m
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where φmag is the magnetic contribution to the phase shift and y is a 
direction perpendicular to x in the plane of the specimen. According 
to Eq. (24), the magnetic moment in a given direction can be obtained 
by measuring the area under the fi rst differential of φmag evaluated in 
the perpendicular direction. The contribution of stray magnetic fi elds 
to the moment is included in this calculation if the integration is carried 
out over a large enough distance from the particle.

The need to compare electron holographic measurements with 
micromagnetic simulations results from the sensitivity of the magnetic 
domain structure in nanoscale materials and devices to their detailed 
magnetic history. Differences in the starting magnetic states on a scale 
that is too small to be distinguished visually, as well as interelement 
coupling and the presence of out-of-plane magnetic fi elds, are all 
important for the formation of subsequent domain states, and, in par-
ticular, to the sense (the handedness) with which magnetic vortices 
unroll (Dunin-Borkowski et al., 1999). The sensitivity of the domain 
structure to such effects emphasizes the need to correlate high quality 
experimental holographic measurements with micromagnetic 
simulations.

The spatial resolution that can be achieved in phase images is deter-
mined primarily by the spacing of the holographic interference fringes. 
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However, the contrast of these fringes decreases as their spacing is 
reduced, and the recording process is also dominated by Poisson-
distributed shot noise (Lichte et al., 1987). These parameters are affected 
by the illumination diameter, exposure time, and biprism voltage. The 
fi nal “phase resolution” (Harscher and Lichte, 1996) and “spatial reso-
lution” are always inherently linked, in the sense that a small phase 
shift can be measured with high precision and poor spatial resolution, 
or with low precision but high spatial resolution. In each of the exam-
ples described above, the recorded phase images were always smoothed 
slightly to remove noise, and the spatial resolution of the magnetic 
information was estimated typically to be between 10 and 20 nm. This 
procedure is necessarily subjective, and great care is required to ensure 
that artifacts are not introduced. Higher spatial and phase resolution 
might possibly also be achieved by recording several holograms of 
each area of interest and subsequently averaging the resulting phase 
images.

4 Measurement of Electrostatic Fields

In this section, the application of electron holography to the character-
ization of electrostatic fi elds is reviewed. Initial examples are taken 
from the characterization of electrostatic fringing fi elds outside electri-
cally biased nanowires. The challenges that are associated with imaging 
dopant contrast at depletion layers in semiconductors are then 
described, before discussing the characterization of interfaces at which 
both charge redistribution and changes in chemistry are possible.

4.1 Field-Emitting Carbon Nanotubes

Early experiments on tungsten microtips demonstrated that electron 
holography could be used to measure electrostatic fringing fi elds in 
biased samples (Matteucci et al., 1992). Further studies were made on 
pairs of parallel 1-µm-diameter Pt wires held at different potentials 
(Matteucci et al., 1988) and on single conducting wires (Kawasaki 
et al., 1993), and simulations were presented for electrostatic phase 
plates (Matsumoto and Tonomura, 1996). A more recent example 
involves the use of electron holography to map the electrostatic poten-
tial around the end of an electrically biased multiwalled carbon nano-
tube (Cumings et al., 2002). Nanotubes were mounted on a three-axis 
manipulation electrode using conducting epoxy and positioned approx-
imately 6 µm from a gold electrode, as shown in Figure 18–18a. Depend-
ing on the applied bias, electrons were emitted from the nanotube. The 
left hand column of Figure 18–18b shows contoured phase images 
recorded before a bias Vb was applied to the specimen, and for a bias 
above the threshold for fi eld emission (approximately 70 V). The upper 
phase shift map (Vb = 0) is featureless around the nanotube, whereas 
the lower map (Vb = 120 V) shows closely spaced 2π phase contours. The 
right hand column in Figure 18–18b shows the corresponding phase 
gradient for each image. When Vb = 0, the phase gradient is featureless 
around the nanotube, whereas it is concentrated around the nanotube 
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tip when Vb = 120 V. The images shown in Figure 18–18b were inter-
preted by comparison with simulations, calculated on the assumption 
that the nanotube could be approximated by a line charge, where the 
charge distribution was varied until a close fi t to the data was found. 
The fi t to the 120 V phase data in Figure 18–18b provided a value of 
1.22 V/nm for the electric fi eld at the nanotube tip. This fi eld was stable 
over time, even when the emission current varied.

4.2 Dopant Potentials in Semiconductors

One of the most elusive yet tantalizing challenges for electron holog-
raphy has been the quest for a reliable, quantitative approach to the 
characterization of electrostatic potentials associated with charge 
redistribution at depletion regions in doped semiconductors. Attempts 
to tackle this problem have been made since the 1960s using many 
forms of electron interferometry, both experimentally (e.g., Titchmarsh 
et al., 1969; Frabboni et al., 1987) and theoretically (e.g., Pozzi and Vanzi, 
1982; Beleggia et al., 2000). It is now recognized that TEM specimen 
preparation can have a profound effect on the contrast visible in holo-
graphic phase images of doped semiconductors, either because of 
physical damage to the specimen surface or because of the implanta-
tion of dopant ions such as Ar or Ga during ion milling. An electrically 
inactive surface layer and/or a doped layer, with a thickness depend-
ing on the specimen preparation method, may form at the sample 
surface. In addition, the specimen may charge up during observation, 
to such an extent that all dopant contrast is lost. The effects of specimen 
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Figure 18–18. (a) Schematic diagram of the experimental set-up used to record electron holograms of 
fi eld-emitting carbon nanotubes. (b) Phase shift and phase gradient maps determined from electron 
holograms of a single multiwalled carbon nanotube at bias voltages of 0 and 120 V. The phase gradient 
indicates where the electric fi eld is strongest. Note the concentration of the electric fi eld at the nanotube 
tip when the bias voltage is 120 V. (Reprinted from Cumings et al., 2002.)
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preparation, and in particular the electrical state of near-surface regions, 
most likely account for many of the anomalous results in early experi-
ments. Recent studies indicate that it may be possible to resolve these 
problems.

The fi rst unequivocal demonstration of two-dimensional mapping 
of the electrostatic potential in an unbiased doped semicon -
ductor using electron holography was achieved for metal–oxide–
semiconductor (MOS) Si transistors (Rau et al., 1999). The source and 
drain regions were visible in phase images with a spatial resolution of 
10 nm and an energy resolution of close to 0.10 eV. Differential thinning 
was discounted as a cause of the observed phase shifts, and an optimal 
specimen thickness of 200–400 nm was identifi ed for such experiments. 
The transistors were prepared for TEM examination using conven-
tional mechanical polishing and Ar ion milling. A 25-nm-thick electri-
cally altered layer was identifi ed on each surface of the specimen, 
which resulted in measured built-in voltages of 0.9 ± 0.1 V across each 
p–n junction, which was lower than the value of 1.0 V predicted for the 
specifi ed dopant concentration.

More recently, electron holography studies of transistors have been 
compared with process simulations (Gribelyuk et al., 2002). Figure 
18–19a shows a contoured image of the electrostatic potential associ-
ated with a 0.35-µm Si device inferred from an electron hologram, 
where the contours correspond to potential steps of 0.1 V. The B-doped 
source and drain regions are delineated clearly. In this study, the speci-
men was prepared primarily using tripod wedge-polishing, followed 
by limited low-angle Ar ion milling at 3.5 kV. Signifi cantly, no electri-
cally dead surface layer had to be taken into account to quantify the 
results. Figure 18–19b and c shows a comparison between line profi les 
obtained from Figure 18–19a and simulations, both laterally across the 
junction and with depth from the Si surface. Simulations for “scaled 
loss” and “empirical loss” models, which account for B-implant segre-
gation into the adjacent oxide and nitride layers, are shown. The scaled 
loss model, which leads to stronger B diffusion, assumes uniform B 
loss across the device structure, whereas the empirical loss model 
assumes segregation of the implanted B at the surfaces of the source 
and drain regions. In both Figure 18–19b and Figure 18–19c, the empiri-
cal loss model provides a closer match to the experimental results. 
Figure 18–19d shows a simulated electrostatic potential map for the 
same device based on the “empirical loss” model, which matches 
closely with the experimental image in Figure 18–19a. Overall, this 
study demonstrated successful mapping of the electrostatic potential 
in 0.13-µm and 0.35-µm device structures with a spatial resolution of 
6 nm and a sensitivity of 0.17 eV.

In early applications of electron holography to dopant delineation, 
which were carried out on chemically thinned Si samples under condi-
tions of reverse bias (e.g., Frabboni et al., 1985), differences between 
phase images recorded at different bias voltages were used to visualize 
external electrostatic fringing fi elds close to the positions of p–n junc-
tions. Electrostatic potential profi les have recently been measured 
for reverse-biased Si p–n junctions that were prepared for TEM 
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Figure 18–19. (a) Reconstructed maps of the electrostatic potential distribu-
tion in a 0.35-µm semiconductor device structure, with a contour step of 0.1 V, 
recorded at an accelerating voltage of 200 kV using a Philips CM200 FEGTEM. 
(b) Lateral and (c) depth profi les obtained from the image shown in (a). Predic-
tions from process simulations for “scaled loss” and “empirical loss” models 
are also shown. (d) Two-dimensional simulated map of the potential based on 
the “empirical loss” model, with a contour step of 0.1 V. The dimensions are 
in micrometers. (Reprinted from Gribelyuk et al., 2002.)
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examination using focused ion beam milling (Twitchett et al., 2002, 
2004, 2005). It is signifi cant to note here that focused ion beam milling 
is currently the technique of choice for preparing TEM specimens from 
site-specifi c regions of integrated circuits. It is therefore important to 
establish whether holography results obtained from unbiased speci-
mens prepared by focused ion beam milling are reliable. It is also 
useful to develop a specimen geometry that allows electrical currents 
to be passed through TEM specimens prepared using this technique.

Specimens for in situ electrical biasing were prepared by using a 30-
kV FEI 200 focused ion beam workstation to machine parallel-sided 
electron-transparent membranes at the corners of 1 × 1-mm 90° cleaved 
squares of wafer, as shown schematically in Figure 18–20a. This geom-
etry allowed electrical contacts to be made to the front and back sur-
faces of each specimen using a modifi ed single-tilt holder, as shown in 
Figure 18–20b. Care was taken to expose the region of interest to the 
focused beam of Ga ions only at a glancing angle to its surface. Figure 
18–20c shows a representative holographic phase image recorded from 
an unbiased Si p–n junction sample prepared by focused ion beam 
milling. The crystalline thickness was measured independently to be 
550 nm using convergent beam electron diffraction. The p-type and n-
type regions are delineated clearly as areas of darker and lighter con-
trast, respectively. The additional “gray” band at the specimen edge is 
likely to be associated with the presence of an electrically altered layer, 
which is visible in cross section but is thought to extend around the 
entire specimen surface. No electrostatic fringing fi eld is visible outside 
the specimen, indicating that its surface must be an equipotential. Line 
profi les across the junction were obtained from phase images acquired 
with different reverse bias voltages applied to a specimen of 390 nm 
crystalline thickness (Figure 18–20d), as well as from several unbiased 
specimens. Each profi le in Figure 18–20d is qualitatively consistent 
with the expected potential profi le for a p–n junction in a specimen of 
uniform thickness. The height of the potential step across the junction, 
∆φ, increases linearly with reverse bias voltage Vappl, as shown in Figure 
18–20e. This behavior is described by the equation

 ∆φ = CE(Vbi + Vappl)tactive (25)

where CE is defi ned in Eq. (7) and the p–n junction is contained in an 
electrically active layer of thickness tactive in a specimen of total thick-
ness t. Measurement of the gradient of Figure 18–20e, which is equal 
to CEtactive, provides a value for tactive of 340 ± 10 nm, indicating that 25 
± 5 nm of the crystalline thickness on each surface of the TEM speci-
men is electrically inactive. The intercept with the vertical axis is 
CEVbitactive, which provides the expected value for the built-in voltage 
across the junction of 0.9 ± 0.1 V. Depletion widths across the junction 
measured from the line profi les are higher than expected, suggesting 
that the electrically active dopant concentration in the specimen is 
lower than the nominal value. These experiments also show that elec-
trical biasing reactivates some of the dopant that has been passivated 
by specimen preparation (Dunin-Borkowski et al., 2002). Figure 18–20f 
shows a four-times-amplifi ed phase image obtained from a 90° cleaved 



Figure 18–20. (a) Schematic diagram showing the specimen geometry used for applying external 
voltages to focused ion beam milled semiconductor device specimens containing p–n junctions in situ 
in the TEM. In the diagram, focused ion beam (FIB) milling has been used to machine a membrane 
of uniform thickness that contains a p–n junction at one corner of a 90° cleaved wedge. (b) Schematic 
diagram showing the specimen position in a single tilt electrical biasing holder. The specimen is glued 
to the edge of a Cu grid using conducting epoxy and then clamped between two spring contacts on 
an insulating base. (c) Reconstructed phase image acquired from an unbiased Si sample containing a 
p–n junction. Note the “gray” layer running along the edge of the specimen, which is discussed in the 
text. No attempt has been made to remove the 2π phase “wraps” at the edge of the specimen. (d) Phase 
shift measured across a p–n junction as a function of reverse bias for a single sample of 390 nm crystal-
line thickness (measured using convergent beam electron diffraction). (e) The height of the measured 
step in phase across the junction is shown as a function of reverse bias. (f) Four times-amplifi ed 
reconstructed phase image, showing the vacuum region outside a p–n junction in a 2-V reverse-biased 
cleaved wedge sample that had not been focused ion beam milled. (Reprinted from Twitchett et al., 
2002.)
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wedge that had not been prepared by focused ion beam milling, for an 
applied reverse bias of 2 V, where an external electrostatic fringing fi eld 
is visible. Such fringing fi elds were never observed outside unbiased 
cleaved wedges or any focused ion beam milled specimens, indicating 
that the surfaces of the present TEM specimens prepared by focused 
ion beam milling are equipotentials under applied bias.

The importance of minimizing and assessing damage, implantation, 
and specimen thickness variations when examining focused ion beam 
milled TEM specimens that contain p–n junctions has been highlighted 
by results from unbiased samples (Wang et al., 2002a–c, 2005). The 
most elegant of these experiments involved the use of focused ion 
beam milling to form a 45° specimen thickness profi le, from which 
both the phase change across the junction and the absolute phase shift 
relative to vacuum on each side of the junction could be plotted as a 
function of specimen thickness. The slopes of the phase profi les were 
then used to determine the built-in voltage across the junction, the 
mean inner potentials on the p and n sides of the junction, and the 
electrically altered layer thickness. Using this approach, the built-in 
voltage across a junction with a dopant concentration of approximately 
1015 cm−3 was measured to be 0.71 ± 0.05 V, while the mean inner poten-
tials of the p and n sides of the junction were measured to be 11.50 ± 
0.27 and 12.1 ± 0.40 V, respectively. The electrically altered layer thick-
ness was measured to be approximately 25 nm on each surface of the 
specimen.

The electrical nature of the surface of a TEM specimen that contains 
a doped semiconductor can be assessed by comparing experimental 
holography results with simulations. Such a comparison, performed 
using commercial semiconductor process simulation software 
(Beleggia et al., 2001), suggests that electron beam-induced positive 
charging of the surface of a TEM specimen, at a level of 1013–1014 cm−2, 
creates an inversion layer on the p-side of the junction. This layer may 
explain the absence of electrostatic fringing fi elds outside the specimen 
surface, which would otherwise dominate the observed phase contrast 
(Dunin-Borkowski and Saxton, 1996). Figure 18–21 shows the results 
of an alternative set of numerical simulations, in which semiclassical 
equations are used to determine the charge density and potential in a 
parallel-sided Si sample that contains a p–n junction. The Fermi level 
on the surface of the specimen is set to a single value to ensure that it 
is an equipotential (Somodi et al., 2005). The simulations in Figure 18–
21 are for symmetrical junctions with dopant concentrations of 1018, 
1017, and 1016 cm−3. Contours of spacing 0.05 V are shown in each fi gure. 
As either the dopant concentration or the specimen thickness decreases, 
a correspondingly smaller fraction of the specimen retains electrical 
properties that are close to those of the bulk device. In the simulations, 
the average step in potential across the junction through the thickness 
of the specimen, which is insensitive to the surface state energy, is 
reduced from that in the bulk device. This reduction is greatest for low 
sample thicknesses and low dopant concentrations. In practice, as a 
result of additional complications from oxidation, physical damage, 
and implantation, the simulations shown in Figure 18–21 are likely to 
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be an underestimate of the full modifi cation of the potential from that 
in the original device.

The ways in which the sample preparation technique of “wedge-
polishing” affects both the dead layer thickness and specimen charg-
ing have been explored experimentally for a one-dimensional p–n 
junction in Si by McCartney et al. (2002). A specimen was prepared 
from a p-type wafer that had been subjected to a shallow B implant 
and a deeper P implant, resulting in the formation of an n-type well 
and a p-doped surface region. Phase images were obtained before and 
after coating one side of the specimen with approximately 40 nm of 
carbon. Profi les obtained from the uncoated sample showed an initial 
increase in the measured phase going from vacuum into the specimen, 
then dropping steeply and becoming negative at large thicknesses. 
This behavior was not observed after carbon coating, suggesting that 
it is associated with sample charging that results from the electron 
beam-induced emission of secondary electrons.

Similar charging effects can be seen directly in two dimensions in 
Figure 18–22. Figure 18–22a shows a bright-fi eld image of a linear array 
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Figure 18–21. Simulations of electrostatic potential distributions in parallel-
sided slabs of thickness 300 nm containing abrupt, symmetrical Si p–n junc-
tions formed from (a) 1018, (b)1017, and (c) 1016 cm−3 of Sb (n-type) and B (p-type) 
dopants. The potential at the specimen surfaces is 0.7 eV above the Fermi level, 
and contours of spacing 0.05 V are shown. The horizontal scale is different in 
each fi gure to show the variation in potential close to the position of the junc-
tion. The simulations were generated using a two-dimensional rectangular 
grid. (Reprinted from Somodi et al., 2005.)
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b
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a Figure 18–22. Results obtained from a cross-
sectional semiconductor device specimen of 
nominal thickness 400 nm prepared using con-
ventional “trench” focused ion beam milling. (a) 
Bright-fi eld TEM image of a PMOS (0.5-µm gate) 
transistor, which forms part of a linear array of 
similar transistors, indicating the locations of 
the regions analyzed in more detail in the sub-
sequent fi gures. The dark bands of contrast 
above the transistors are W contacts. Thickness 
corrugations are visible in the Si substrate in 
each image. The gates are formed from W sili-
cide, while the amorphous layers above the 
gates and between the W plugs are formed from 
Si oxides that have different densities. (b) Eight 
times-amplifi ed phase contours were calculated 
by combining phase images from several holo-
grams obtained across the region marked “1” in 
(a) using a microscope accelerating voltage of 
200 kV and a biprism voltage of 160 V. Specimen 
charging results in the presence of electrostatic 
fringing fi elds in the vacuum region outside the 
specimen edge, as well as elliptical phase con-
tours within the Si oxide layers between the W 
contacts. (c) An equivalent phase image obtained 
after coating the specimen on one side with 
approximately 20 nm of carbon to remove the 
effects of charging. The phase contours now 
follow the expected mean inner potential con-
tribution to the phase shift in the oxide layers, 
and there is no electrostatic fringing fi eld outside 
the specimen edge. (d) One-dimensional line 
profi les obtained from the phase images in (b) 
and (c) along the line marked “2” in (a). The 
dashed and solid lines were obtained before 
and after coating the specimen with carbon, 
respectively. The dotted line shows the differ-
ence between the solid and dashed lines. 
(Reprinted from Dunin-Borkowski et al., 2005.)

of transistors, which were originally located ∼5 µm below the surface 
of a wafer and separated from its surface by metallization layers. Such 
transistors present a signifi cant but representative challenge for TEM 
specimen preparation for electron holography both because the metal-
lization layers are substantial and can result in thickness corrugations 
in the doped regions of interest and because these overlayers must, at 
least in part, be removed to provide a vacuum reference wave for elec-
tron holography. An additional diffi culty results from the possibility 
that the overlayers, which contain silicon oxides, may charge during 
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examination in the electron microscope. Conventional “trench” focused 
ion beam milling (Park, 1990; Szot et al., 1992) was used to prepare the 
specimen, which has a nominal thickness of 400 nm. Figure 18–22b 
shows eight-times-amplifi ed phase contours obtained from the region 
marked “1” in Figure 18–22a. Instead of the expected phase distribu-
tion, which should be proportional to the mean inner potential multi-
plied by the specimen thickness, elliptical contours are visible in each 
oxide region, and an electrostatic fringing fi eld is present outside the 
specimen (at the top of Figure 18–22b). Both the elliptical contours and 
the fringing fi eld are associated with the build-up of positive charge 
in the oxide layer. The elliptical contours are centered is several hun-
dreds of nanometers from the specimen edge. Figure 18–22c shows a 
similar phase image obtained after coating the specimen on one side 
with approximately 20 nm of carbon. The effects of charging are now 
absent, there is no fringing fi eld outside the specimen edge, and the 
phase contours follow the change in specimen thickness. One-dimen-
sional phase profi les were generated from the phase images used to 
form Figure 18–22b and c along the line marked “2” in Figure 18–22a, 
and are shown in Figure 18–22d. The dashed and solid lines corre-
spond to results obtained before and after coating the specimen with 
carbon, respectively, while the dotted line shows the difference between 
the solid and dashed lines. If the charge is assumed to be distributed 
through the thickness of the specimen, then the electric fi eld in the 
oxide is approximately 2 × 107 V/m. This value is just below the break-
down electric fi eld for thermal SiO2 of 108 V/m (Sze, 2002). Equivalent 
results obtained from a specimen of 150 nm nominal thickness show 
that the elliptical contours are closer to the specimen edge. The effect 
of specimen charging on the dopant potential (in the source and drain 
regions of the transistors) is just as signifi cant. The phase gradient 
continues into the substrate, and the dopant potential is undetectable 
before carbon coating, whether or not a phase ramp is subtracted from 
the images. If focused ion beam milling from the substrate side of the 
wafer (Schwarz et al., 2003) is used, then specimen charging no longer 
occurs, presumably as a result of Si redeposition onto the specimen 
surface. McCartney et al. (2003) provide an overview of this and other 
techniques for the preparation of semiconductor devices for electron 
holography.

Although questions still remain about phase contrast observed at 
simple p–n junctions, electron holographic data have been interpreted 
from more complicated semiconductor device structures, in which 
changes in composition as well as doping concentration are present. 
One example is a strained n-Al0.1Ga0.9N/In0.1Ga0.9N/p-Al0.1Ga0.9N hetero-
junction diode, in which strong piezoelectric and polarization fi elds 
are used to induce high two-dimensional electron gas concentrations 
(McCartney et al., 2000). To interpret experimental measurements of 
the potential profi le across the heterojunction, after corrections for 
specimen thickness changes (assuming a linear thickness profi le and 
neglecting contributions to the measured phase from variations in 
mean inner potential), additional charge had to be added to simula-
tions. In particular, a sheet of negative charge was included at the 
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bottom of the InGaN well. The sheet charge density at this position 
was 2.1 × 1013cm−2. More recently, electron holography has been used 
to measure internal electrostatic potentials across InGaN quantum 
wells with thicknesses ranging from 2 to 10 nm (Stevens et al., 2004). 
In this study, the electric fi eld strengths across the wells were observed 
to decrease in strength above a well thickness of 6 nm.

4.3 Space Charge Layers at Grain Boundaries

Electron holography has been used to characterize space charge layers 
at doped and undoped grain boundaries in electroceramics, although 
several contributions to the electron holographic phase shift can com-
plicate interpretation. The space charge distribution that is predicted 
to form at such a grain boundary (Frenkel, 1946) is often described as 
a double (back-to-back) Schottky barrier. For Mn-doped and undoped 
grain boundaries in SrTiO3, a decrease in the measured phase 
shift at the boundary relative to that in the specimen was observed 
(Ravikumar et al., 1995). The changes in phase measured at the doped 
boundaries were larger in magnitude and spatial extent than at similar 
undoped boundaries. Possible contributions to the contrast from 
changes in density, composition, specimen thickness, dynamic diffrac-
tion, and electrostatic fringing fi elds (Pozzi, 1996; Dunin-Borkowski 
and Saxton, 1997) were considered, and the remaining contributions to 
the measured phase shifts at the doped boundaries were attributed to 
space charge. The sign of the space charge contribution to the specimen 
potential was consistent with the presence of Mn2+ and Mn3+ ions on 
Ti sites at the boundaries. The results were fi nally interpreted in terms 
of a narrow (1–2 nm) region of negative grain boundary charge and a 
wider (3–5 nm) distribution of positive space charge.

A similar approach has recently been applied to the characterization 
of grain boundaries in ZnO, at which a space charge layer width of 
approximately 150 nm has been measured (Elfwing and Olsson, 2002). 
In an earlier study, defocus contrast recorded from delta-doped layers 
in Si and GaAs was also attributed to the presence of space charge 
(Dunin-Borkowski et al., 1994). Defocus contrast has been used to 
assess possible space charge contributions to electrostatic potential 
profi les across grain boundaries in doped and undoped SrTiO3 (Mao 
et al., 1998). The contrast observed in these experiments was not con-
sistent with a dominant contribution to the signal from space charge. 
Related experiments have been performed to measure polarization 
distributions across domain boundaries in ferroelectric materials such 
as BaTiO3 and PbTiO3 (Lichte, 2000; Lichte et al., 2003). There are many 
opportunities for further work on this topic.

5 High-Resolution Electron Holography

Aberrations of the objective lens, which result in modifi cations to the 
amplitude and phase shift of the electron wave, rarely need to be taken 
into account when characterizing magnetic and electrostatic fi elds at 
medium spatial resolution, as described in Sections 3 and 4. However, 
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these aberrations must be considered when interpreting electron holo-
grams that have been acquired at atomic resolution, in which lattice 
fringes are visible.

The back focal plane of the objective lens contains the Fraunhofer 
diffraction pattern, i.e., the Fourier transform, of the specimen wave 
ψs(r) = As(r)exp[iφs(r)], denoted ψ(q) = FT[ψs(r)]. Transfer from the back 
focal plane to the image plane is then represented by an inverse Fourier 
transform. For a perfect thin lens, neglecting magnifi cation and rota-
tion of the image, the complex image wave would be equivalent to the 
object wave ψs(r). Modifi cations to the electron wave that result from 
objective lens aberrations can be represented by multiplication of the 
electron wavefunction in the back focal plane by a transfer function of 
the form

 T(q) = B(q)exp[iχ(q)] (26)

In Eq. (26), B(q) is an aperture function that takes a value of unity 
for q within the objective aperture and zero beyond the edge of the 
aperture. The effects of two objective lens aberrations, defocus and 
spherical aberration, can be included in the phase factor in the form

 χ π λ
π

λ( )  q q q= +∆z C2 3 4

2
S  (27)

where ∆z is the defocus of the lens and CS is the spherical aberration 
coeffi cient. The complexity of Eq. (27) increases rapidly as further aber-
rations are considered. The complex wave in the image plane can then 
be written in the form

 ψi(r) = FT −1[FT[ψs(r)] × T (q)] (28)

 = ψs(r) ⊗ t(r) (29)

where t(r) is the inverse Fourier transform of T(q), and the convolution 
⊗ of the specimen wave ψs(r) with t(r) represents the smearing of 
information that results from lens imperfections. Since both ψs(r) and 
t(r) are in general complex, the intensity of a conventional bright-fi eld 
image, which can be expressed in the form

 I(r) = |ψs(r)⊗t(r)|2 (30)

is no longer related simply to the structure of the specimen.
The effects of lens aberrations can be removed by multiplying the 

complex image wave by a suitable phase plate corresponding to T*(q) 
to provide the amplitude and the phase shift of the specimen wave ψs(r) 
rather than the image wave ψi(r). Hence, the interpretable resolution of 
the image can be improved beyond the point resolution of the electron 
microscope. The optimal defocus that maximizes the resolution of the 
reconstructed specimen wave after correction of aberrations (Lichte, 
1991, 1992; Lichte and Rau, 1994; Ishizuka et al., 1994) is given by the 
expression

 ∆z C qopt S= − ( )3
4

2λ max
 (31)
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where qmax is the maximum desired spatial frequency.
Figure 18–23 illustrates the application of aberration correction to a 

high-resolution electron hologram of crystalline Si imaged at the 〈110〉 
zone axis, at which characteristic “dumbbell” contrast, of spacing 
0.136 nm, is expected (Orchowski et al., 1995). The original hologram 
was acquired using an interference fringe spacing of 0.05 nm on a 
CM30 FEGTEM, which has a point resolution of 0.198 nm and an infor-
mation limit of 0.1 nm at 300 kV. Figures 18–23a and b show, respec-
tively, the reconstructed amplitude and phase shift of the hologram 
after aberration correction using a phase plate. The phase image reveals 
the expected white “dumbbell” contrast, at a spatial resolution that is 
considerably better than the point resolution of the microscope, after 
lens aberrations, including residual astigmatism and off-axis coma, 
have been measured and removed. Note also that the projected atom 
column positions are visible as black contrast in the amplitude 
image.

More recent developments in high-resolution electron holography, 
including the application of the technique to a wide range of materials 
problems, have been reviewed by Lehmann et al. (1999) and Lehmann 
and Lichte (2005).

6 Alternative Forms of Electron Holography

Many different forms of electron holography can be envisaged and 
implemented both in the TEM and in the scanning TEM (STEM) 
(Cowley, 1992). Equally, there are several ways in which the off-axis 
mode of TEM electron holography can be implemented. A full discus-
sion of these various schemes, which include interferometry in the 
diffraction plane of the microscope (Herring et al., 1995) and refl ection 

Figure 18–23. High-resolution (a) amplitude and (b) phase images of the aber-
ration-corrected specimen wave reconstructed from an electron hologram of 
[110] Si, obtained at 300 kV on a CM30 FEGTEM. The spacing of the hologram 
fringes was 0.05 nm. The sideband contained {111}, {220}, {113}, and {004} refl ec-
tions, corresponding to lateral information of 0.136 nm. The characteristic Si 
dumbbell structure is visible only after aberration correction. (Reprinted from 
Orchowski et al., 1995.)
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electron holography (Banzhof and Herrmann, 1993), is beyond the 
scope of this chapter. Here, some of the more important developments 
are reviewed.

The need for a vacuum reference wave is a major drawback of the 
standard off-axis mode of TEM holography since this requirement 
restricts the region that can be examined to near the specimen edge. 
In many applications, the feature of interest is not so conveniently 
located. The implementation of a DPC mode of electron holography in 
the TEM enables this restriction to be overcome. DPC imaging is well 
established as a technique in the STEM, involving the use of various 
combinations of detectors to obtain magnetic contrast (Dekkers and de 
Lang, 1974; Rose, 1977; Chapman et al., 1978). It has also been shown 
(Mankos et al., 1994) that DPC contrast can be obtained using far-out-
of-focus STEM electron holography (see below). An equivalent TEM 
confi guration can be achieved by using an electron biprism located in 
the condenser aperture plane of the microscope (McCartney et al., 
1996). Figure 18–24a shows a schematic ray diagram that illustrates the 
electron-optical confi guration for this differential mode of off-axis 
TEM holography. The application of a positive voltage to the biprism 
results in the formation of two closely spaced, overlapping plane waves, 
which appear to originate from sources S1 and S2 to create an interfer-
ence fringe pattern at the specimen level. When the observation plane 
is defocused by a distance ∆z with respect to the specimen plane, the 
two coherent beams produced by the beam splitter, which are labeled 
k1 and k2 in Figure 18–24a, impinge upon different parts of the speci-
men. For a magnetic material, the difference in the component of the 
magnetic induction parallel to the biprism wire between these two 
points in the specimen plane determines the relative phase shift of the 
holographic fringes, thus giving differential phase contrast. Since 
the hologram is acquired under out-of-focus conditions, it is in effect 
the superposition of a pair of Fresnel images. The biprism voltage must 
be adjusted so that the feature of interest or the desired spatial resolu-
tion is sampled by at least three interference fringes. An appropriate 
postspecimen magnifi cation should be chosen to ensure that the inter-
ference fringes are properly sampled by the recording medium. Figure 
18–24b shows a composite phase image formed from a series of eight 
DPC holograms of a 30-nm-thick Co fi lm. The fringe system was shifted 
progressively across the specimen plane between exposures. In addi-
tion to the holographic interference fringes, the image shows black and 
white lines that delineate walls between magnetic domains, with mag-
netization ripple visible within the domains. All of the image features 
are doubled due to the split incident beam. Figure 18–24c shows the 
fi nal reconstructed DPC image obtained from Figure 18–24b, in which 
the contrast is proportional to the component of the magnetic induction 
parallel to the holographic fringes. The arrow below the image indi-
cates the direction of the component of the induction analyzed in this 
experiment. Several magnetic vortices, at which the measured fi eld 
direction circles an imperfection in the fi lm, are visible. One such 
vortex is indicated by an arrow in the lower right corner of the image. 
For characterization of both components of the in-plane induction 
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Figure 18–24. (a) Sche-
matic ray diagram 
for the differential 
mode of off-axis TEM 
electron holography. 
The symbols are defi ned 
in the text. (b) Com-
posite differential mode 
electron hologram 
formed from a series of 
eight holograms of a 
30-nm-thick Co fi lm. (c) 
Differential phase con-
trast image obtained 
from the hologram 
shown in (b). The arrow 
below the image indi-
cates the direction of 
the magnetic signal 
analyzed. The arrow 
close to the bottom of 
the image indicates the 
position of a magnetic 
vortex. (Reprinted from 
McCartney et al., 1996.)
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without removing the sample from the microscope, a rotating biprism 
or a rotating sample holder is required.

An alternative scheme that is conceptually similar to the differential 
mode of electron holography in the TEM, but which does not require 
the use of an electron biprism or a fi eld emission electron gun, is 
termed amplitude division electron holography. Whereas conventional 
modes of electron holography involve splitting the wavefront of the 
incident illumination and thus require high spatial coherence to form 
interference fringes, this coherence requirement can be removed by 
dividing the amplitude of the electron beam instead of the wavefront. 
Division of the amplitude of the electron wave can be achieved by 
using a crystal fi lm located before the specimen. The lattice fringes of 
the crystal fi lm are then used as carrier fringes. The original confi gu-
ration for this scheme involved placing the specimen in the selected-
area-aperture plane of the microscope (Pozzi, 1983; Matteucci et al., 
1982). The specimen can also be inserted into the normal object plane 
by placing a single-crystal thin fi lm and the sample of interest on top 
of each other, in close proximity (Ru, 1995). The single crystal fi lm is 
then tilted to a strong Bragg condition and used as an electron beam 
splitter. As a result of the separation of the crystal and the specimen, 
the hologram plane contains two defocused images of the specimen 
that are shifted laterally with respect to one another. One of these 
images is carried by the direct beam and the other by the Bragg-
refl ected beam. When the distance between the two images is greater 
than the size of the object, the images separate perfectly and interfere 
with adjacent plane waves to form an off-axis electron hologram. 
Because the single crystal is in focus and the object is out of focus, a 
Fresnel electron hologram of the object is obtained. The defocus of the 
object can be corrected at the reconstruction stage by using a phase 
plate, although high coherence of the incident illumination is then 
required. The coherence used when forming the image therefore 
determines the spatial resolution of the fi nal reconstructed image. 
Although amplitude-division electron holography has several disad-
vantages over wavefront-division holography, the fi nal phase image is 
not affected by effects such as Fresnel diffraction from the edges of 
the biprism.

An approach that can be used to increase the phase sensitivity of 
electron holography is termed phase-shifting electron holography. This 
approach is based on the acquisition of several off-axis holograms while 
the phase offset (the initial phase) of the image is changed, either by 
tilting the incident electron beam or by shifting the biprism (Ru et al., 
1992). Electron holograms are recorded at successive values of the inci-
dent beam tilt, such that the phase is shifted by at least 2π over the image 
series. The fringe shift can be monitored in the complex Fourier spectra 
of the holograms. Although three holograms can in principle be used 
to reconstruct the object wave, in practice as many holograms as possi-
ble should be used to reduce noise. The advantages of the phase-
shifting approach are greatly improved phase sensitivity and spatial 
resolution. Moreover, objects that are smaller than one fringe width can 
be reconstructed. Care is required if the object is out of focus, as tilting 
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the beam will also induce an image shift between successive images. 
Very small phase shifts have been observed from individual unstained 
ferritin molecules using this approach (Kawasaki et al., 1986).

Electron holograms can be acquired at video rate and subsequently 
digitized and processed individually to record dynamic events, but 
this procedure is time consuming. An alternative real-time approach 
for acquiring and processing holograms has been demonstrated by 
using a liquid-crystal panel to reconstruct holograms (Chen et al., 
1994). The holograms are recorded at TV rate and transferred to a 
liquid-crystal spatial light modulator, which is located at the output of 
a Mach–Zender interferometer. The liquid crystal panel is illuminated 
using an He–Ne laser, and interference micrographs are observed at 
video rate on the monitor beside the microscope as the specimen is 
examined. In an alternative confi guration, a liquid-crystal panel can 
also be used as a computer-controlled phase plate to correct for 
aberrations.

Whereas an off-axis electron hologram is formed by the interference 
of an object and a reference wave that propagate in different directions 
in the electron microscope, the simplest way of recording an electron 
hologram without using an electron biprism involves using the trans-
mitted wave as the reference wave to form an in-line hologram. Gabor’s 
original paper described the reconstruction of an image by illuminat-
ing an in-line hologram with a parallel beam of light and using a 
spherical aberration correcting plate and an astigmatism corrector. The 
reconstructed image is, however, disturbed by the presence of a “ghost” 
or “conjugate” twin image. If the hologram is recorded and subse-
quently illuminated by a plane wave, then the reconstructed image and 
a defocused conjugate image of the object are superimposed on each 
other. The most effective method of separating the twin images is to 
use Fraunhofer in-line holography. Here, in-line holograms are recorded 
in the Fraunhofer diffraction plane of the object (Thomson et al., 1966; 
Tonomura et al., 1968). Under this condition, the conjugate image is 
so blurred that its effect on the reconstructed image is negligible 
(Matsumoto et al., 1994).

The STEM holographic mode used for DPC imaging, which has 
similarities with the TEM differential mode of electron holography 
described above, is a point projection technique in which a stationary 
beam in an STEM is split by a biprism preceding the sample so that 
two mutually coherent electron point sources are formed just above 
the specimen. In this operating mode, the objective lens is excited 
weakly so that the hologram is formed in the diffraction plane rather 
than the image plane (Cowley, 1990). By greatly defocusing the objec-
tive lens, a shadow image of the object is formed, which has the appear-
ance of a TEM hologram, although it is distorted by spherical aberration 
and defocus. The image magnifi cation and the separation of the sources 
relative to the specimen are fl exible in this confi guration, and can be 
adjusted by changing the biprism voltage and/or the objective or post-
specimen lens settings. The far-out-of-focus mode of STEM holography 
has been applied to the characterization of a range of magnetic materi-
als (Mankos et al., 1995; Cowley et al., 1996).
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A rapid approach that can be used to visualize equiphase contours 
involves superimposing a hologram of the specimen onto a reference 
hologram acquired under identical conditions, with the specimen 
removed from the fi eld of view (Matteucci and Muccini, 1994). Inter-
ference effects between the holographic fringes in the two images then 
provide widely spaced, low-contrast bright and dark bands that reveal 
phase contours directly. By defocusing the combined image slightly, 
the unwanted fi nely spaced holographic interference fringes can be 
removed. The technique has been applied to image both electrostatic 
and magnetic fi elds.

A related approach involves the use of two parallel or perpendicular 
electron biprisms to generate an interference pattern between either 
three or four electron waves, respectively. Equiphase contours are then 
displayed in the recorded hologram. This method has been used to 
form images of electric fi elds outside charged latex and alumina parti-
cles and magnetic fi elds outside ferrite particles (Hirayama, 1999), and 
to expose a resist to fabricate a 100-nm-period two-dimensional grating 
lithographically (Ogai et al., 1995). Two parallel biprisms have also been 
used to form a “trapezoidal” biprism to record a double-exposure holo-
gram with the biprism voltage changed (Tanji et al., 1996) and with the 
reference wave unaffected by the biprism voltage (Tanji et al., 1999).

7 Discussion and Conclusion

In this chapter, the technique of off-axis electron holography has been 
described, and its recent application to a wide variety of materials has 
been reviewed. Results have been presented from the characterization 
of magnetic fi elds in arrangements of closely spaced nanocrystals, 
patterned elements and nanowires, and electrostatic fi elds in fi eld 
emitters and doped semiconductors. In situ experiments, which allow 
magnetization reversal processes to be followed and electrostatic 
fi elds in working semiconductor devices to be characterized, have 
been described, and the advantages of using digital approaches to 
record and analyze electron holograms have been highlighted. High-
resolution electron holography and alternative modes of electron 
holography have also been described. Although the results that have 
been presented are specifi c to the dimensions and morphologies 
of the particular examples chosen, they illustrate the ways in which 
electron holography can be adapted to tackle different materials 
problems.

Future developments in electron holography are likely to include the 
development and application of new forms of electron holography and 
instrumentation, the introduction of new approaches for enhancing 
weak magnetic and electrostatic signals, the formulation of a better 
understanding of the effect of different TEM sample preparation tech-
niques on phase images recorded from semiconductors and ferroelec-
trics, and the combination of electron holography with electron 
tomography to record both electrostatic and magnetic fi elds inside 
nanostructured materials in three dimensions rather than simply in 
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projection. If the application of electron holographic tomography to the 
characterization of magnetic vector fi elds inside materials in three 
dimensions, which requires two high-tilt series of holograms to be 
recorded about orthogonal axes, is ultimately successful, the primary 
diffi culty may lie in the measurement and subtraction of the unwanted 
mean inner potential contribution to the measured phase shift at every 
one of the tilt angles required.

The unique capability of electron holography to provide quantitative 
information about magnetic and electrostatic fi elds in materials at a 
resolution approaching the nanometer scale, coupled with the increas-
ing availability of fi eld-emission-gun transmission electron micro-
scopes and quantitative digital recording, ensures that the technique 
has a very promising future.
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19
Diffractive (Lensless) Imaging
John C.H. Spence

1 Introduction

Diffractive (or lensless) imaging refers to the use of theoretical methods 
and computer algorithms to solve the phase problem for scattering by 
a nonperiodic object. The name coherent X-ray diffractive imaging 
(CXDI) is used in the X-ray community, which we could generalize to 
CDI. Additional information about the object, such as the sign of the 
scattering potential and the approximate boundary of the object, may 
be combined with the measured scattered intensity to solve for the 
phases of the scattered amplitudes. In this way, under conditions of 
single scattering (and other approximations that often apply in optics 
and in electron, X-ray, and neutron diffraction) it may be possible to 
reconstruct a real-space image of an object by Fourier transform of the 
complex scattering distribution, or Fraunhoffer diffraction pattern. 
(Applications to Fresnel near-fi eld imaging are also possible. In this 
geometry, resolution is, however, limited by detector pixel size, since 
the magnifi cation is unity if lenses are not used.) In this review we will 
not discuss the recently developed and powerful transport of intensity 
method, which is also applicable to the near fi eld (Paganin and Nugent, 
1998). By avoiding the need for a lens, the aberrations and resolution 
limits introduced by lenses are thus avoided. Within the past decade 
this process has been demonstrated experimentally for neutron, X-ray, 
and electron scattering, so that the fi eld has reached an exciting point. 
The electron work has produced atomic-resolution images, while 
experiments with soft X-rays have fi nally produced three-dimensional 
(tomographic) reconstructions. It now offers the real possibility of dif-
fraction-limited imaging with any radiation for which lenses do not 
exist. Since each radiation interacts differently with matter, the method 
can be expected to provide us with new information on matter in fi elds 
as diverse as biology, materials science, and astronomy. Much current 
interest focuses on tomographic imaging of whole cells, nanoparticles 
and mesoporous materials, and on the imaging of proteins at near-
atomic resolution. At present, the inversion of even a two-dimensional 
diffraction pattern is a lengthy process, and while three-dimensional 
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inversion may involve weeks of work for a 1024 × 1024 × 1024 voxel data 
set (with much time devoted to data merging and preparation issues), 
it is clear that automated processing will soon be possible. While it can 
be shown rigorously that some of the algorithms described here do not 
diverge, because of the nonconvex nature of the constraints involved 
no formal proof of convergence or of the uniqueness of solutions exists. 
Yet computational trials for simulated data with little noise practically 
always converge rapidly to the known solution, while the inevitable 
stagnation occurs in the presence of excessive noise. [The ability of 
these algorithms to “climb out” of local minimum and fi nd a global 
minimum in a data set with perhaps a million unknown parameters 
(phases) is one of their most remarkable features.] The challenge now 
is to perform experiments under conditions in which the experimental 
parameters are suffi ciently well known that inversion of experimental 
data performs as well as the simulations. In summary, over the past 
decade many algorithms for lensless imaging have been published that 
work well on simulated noisy data; the more diffi cult problem is exper-
imental data collection under the conditions for which the algorithms 
converge. (This may require, for example, that the experimental scat-
tered intensity distribution possesses inversion symmetry, consistent 
with the theoretical assumption of a two-dimensional hermitian poten-
tial or “real object.”)

2 History

The phase problem in optics has early origins: in a letter to Michelson, 
Rayleigh comments that “the phase problem in interferometry is insol-
uble without a-priori information on the symmetry of the data” (Strutt, 
1892). Several fi elds have contributed to the development of our current 
working solution to this problem, including signal processing, wave-
front sensing, astronomy, electron microscopy, image processing, and 
X-ray crystallography, in addition to applied mathematics. Thus a won-
derfully rich set of ideas has contributed, from communications theory 
to diffraction physics and set theory. Since my background is in dif-
fraction physics, I must apologize to those workers in other areas (such 
as acoustics) whose contributions to the vast literature on this subject 
I have overlooked. In this review we will not discuss the crystallo-
graphic phase problem, except to note parallels (such as solvent fl at-
tening) with our noncrystallographic or “single particle” problem 
(Carrozzini et al., 2004). [By the obvious method of periodic continua-
tion, it has been shown that the highly successful direct methods of 
crystallography can be applied immediately to the continuous scatter-
ing from an isolated object, if the correct choice of sampling interval is 
made (Spence et al., 2003b), however this may not be the most effi cient 
solution.] In retrospect, we can now see that the key to a successful 
solution was given in the crystallography literature as early as 1952. D. 
Sayre in “Some implications of a theorem due to Shannon” (Sayre, 
1952) appears to have been the fi rst to consider the relationship between 
Shannon’s sampling theorem and Bragg’s law. He pointed out that for 
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centrosymmetric crystals, where only the sign of structure factors Fg is 
unknown, these could be determined if intensities |F|2

g were observ-
able at half-integral values of g, since a change of sign requires a zero 
crossing of the molecular scattering factor there. By Shannon’s theorem, 
these fractional and integral order intensities are needed and suffi cient 
to completely defi ne the autocorrelation function of the molecule. 
Sayre’s fractional orders could thus be generated only by a molecule 
that fi lled half the cell, leaving the remaining “half” empty. [The Pat-
terson function or autocorrelation function of an inorganic, continu-
ously bonded crystal will differ from that of the basis (one “molecule”), 
since the autocorrelation of the molecule is twice as large as the unit 
cell. These concepts will be clarifi ed in the next section.] Sayre con-
cludes that a solution to the phase problem for centric crystals could 
as well be obtained from measurements of the intensity of half-order 
refl ections as from study of the Bragg intensities. [The paper was 
prompted by the observation of nonintegral refl ections (following 
hydration) in experimental patterns from hemoglobin by Perutz and 
others, and a talk by Gay.] Since diffraction from an isolated nonperi-
odic object is a continuous function of scattering angle it provides 
immediate access to these “fractional orders.” Thus a solution in prin-
ciple to the phase problem for real, centric single particles has existed 
in the literature since 1952.

Sayre’s paper had no impact in the image processing or signal pro-
cessing communities, and we will not trace here its important infl uence 
on the development of density modifi cation techniques in protein crys-
tallography. (Here the molecule is often surrounded by a water jacket 
of comparable volume to the molecule, effectively doubling the cell size 
and possibly giving rise to “half-integral” refl ections.) For imaging, the 
next important development was work by Gerchberg and Saxton (G–S) 
(Gerchberg and Saxton, 1971), which posed the following question: if 
the intensity of a general complex two-dimensional image and its cor-
responding diffraction pattern intensity is known, can the complex 
image (and diffraction pattern) be reconstructed? (By a complex image 
we refer here to the sample exit-face wavefunction, as discussed in the 
next section.) These data are available in a modern electron micro-
scope. By solving the resulting quadratic equations (equal in number, 
as they comment, to the number of unknown phases) using an iterative 
algorithm, they showed successful inversion for one-dimensional data. 
It has often been noted that these Fourier equations, one for each pixel 
in the detector, may not be independent, are nonlinear if a sign con-
straint is used, and are corrupted by noise. Dependence in the equa-
tions may be introduced by choice of support shape. Other approaches 
have been explored for solving these nonlinear Fourier equations, but 
the G–S paper established the use of iterations between real and recip-
rocal space, with known information imposed repeatedly in each 
domain. G–S do not establish uniqueness or convergence in general.

The connection with Sayre’s paper was not made; however, in retro-
spect we see that the sampling interval used by G–S for their analysis 
of a nonperiodic object necessarily corresponded to the Shannon half-
integral orders of Sayre’s paper. Modern work is focused on three-
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dimensional data in which only the diffraction pattern intensity from 
a real or complex object is measured. However, for a pure phase object, 
the modulus of the exit face wavefunction is known a priori to be unity 
everywhere, greatly reducing the number of unknowns in the G–S 
analysis. (This unit modulus constraint is, unfortunately, nonconvex.) 
For a real object (or, equivalently, a weak phase object) the diffraction 
pattern has Hermitian symmetry (Friedel’s law), resulting in a further 
reduction in unknowns. Following the Gerchberg and Saxton paper 
(and a second paper, Gerchberg and Saxton, 1972), it was still necessary 
to determine the minimum information needed about a real object to 
solve the phase problem if the diffracted intensity was given. The role 
of the object boundary (defi ning a “support”) and the need to sample 
the continuous scattering fi nely enough to satisfy Shannon’s theorem 
(treating the autocorrelation function as the “bandlimit”) were all rec-
ognized at this time.

The autocorrelation of a two-dimensional object is twice as large as 
the object in any direction, so Shannon’s theorem requires sampling at 
half the Bragg angle for a periodically continued object. Bates referred 
to this as “oversampling,” a term still in use. (Since it is in fact optimum 
sampling of the diffracted intensity, we avoid that term here.) The 
problem was vigorously attacked by authors such as Bates, Fiddy, 
Fienup, Gonslaves, and Papoulis in the early nineteen eighties, and the 
use of lensless imaging based on these ideas using X-ray scattering was 
advocated (Sayre, 1980). The early series of papers by Bates and co-
workers are especially signifi cant, and can be traced through Bates and 
McDonnell (1989), while Fiddy provided a new approach based on 
analysis of zeros in the diffraction pattern (e.g., Liao et al., 1997, and 
earlier work). It was shown, for example, that the set of all bandlimited 
functions having a given set of real zero crossings is convex, and that, 
in the absence of noise, the data might be factorizable. By 1982 a useful 
working solution had been obtained (Fienup, 1982) for real two-
dimensional images by the addition of a feedback feature to the G–S 
error-reduction (ER) algorithm. An important realization at about 
this time was that the “landscape” (a map of error metric in the N-
dimensional search space) for the phase problem was not rugged, and 
usually consisted of a single shallow global minimum with a few small 
bumps; the essential diffi culty is not caused by the number of local false 
minima, but rather by the large number of directions in which search 
is possible, in a space containing one dimension for each image pixel. 
This Fienup algorithm has come to be known as the hybrid input–output 
or HIO algorithm. Feedback greatly speeds up convergence and 
improves the ability of the algorithm to escape from local minima, 
however, most modern work is based on a combination of the ER and 
HIO algorithms, since only the ER algorithm supplies a reliable error 
metric. Fienup showed that the ER algorithm converges, in the sense 
that the error monotonically decreases (Fienup, 1997). Real images 
could then be reconstructed from Fraunhoffer diffraction pattern inten-
sity data, provided that the sign of the scattering potential was known 
together with an approximate estimate of the object boundary (support). 
Important work on the uniqueness problem for the HIO algorithm was 
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published by Bruck and Sodin (1979) and Baraket and Newsam (1984) 
who showed that ambiguous solutions are obtained with these con-
straints only on “pathologically rare” occasions. The aim of this work is 
to show that only one image function (or images equivalent to this) 
satisfi es the sign, support, and Fourier modulus constraints.

The HIO algorithm, which we give below, is the basis for most suc-
cessful modern work, and has led to the development of many variants 
and much detailed mathematical analysis. The book by Stark (1987) 
provided an excellent overview of the subject up to 1987, and can be 
strongly recommended to students, together with an important review 
article by Millane (1990), which unifi ed the crystallographic and single-
particle approaches and so brought the fi eld to the attention of a much 
larger audience. [The striking resemblance of the HIO algorithm to the 
independently developed solvent fl attening methods of X-ray crystal-
lography can be traced through Wang (1985).] The water-jacket around 
a protein in a crystal plays the same role as the “zero-density” region 
outside the support of our single particles.

The HIO algorithm and its variants have been highly successful for 
real objects, however, rather less attention has been paid to the more 
diffi cult problem of complex image reconstruction. Except for special 
cases, it is found that a very precise knowledge of the support is 
needed, and that in one and two dimensions this support should be 
disjoint (separated into two parts) (Fienup, 1987). Iterative inversion 
schemes fail for one-dimensional real data that are not disjoint, and 
work better in higher dimensions.

The third more recent period of work since about 1990, during which 
the fi eld has grown rapidly, is discussed in the next sections. During 
that time a major effort was made to apply these methods to soft X-ray 
transmission data at the Brookhaven synchrotron (Sayre et al., 1998; 
Miao et al., 1998). Our understanding of the success of the HIO algo-
rithm has increased considerably in that period due to the contribution 
of mathematicians using powerful methods based on convex set theory; 
Bregman projections and constraint theory were fi rst described as 
early as 1982 (Youla and Webb, 1982) but not taken up until recently 
(for an excellent review, see Bauschke et al., 2002). Questions of unique-
ness in dimensions greater than two have been considered, where the 
problem is overdetermined (Millane, 1995), and it is generally found 
that the iterative algorithms work better. In addition, a number of 
developments of the HIO algorithm have been published (Bauschke 
et al., 2003; Elser, 2003); the standard symbols used by mathematicians 
for the theory of projections has been adopted to describe the problem, 
and a new algorithm, which dispenses with any need for knowledge 
of the object support [the “shrinkwrap” algorithm (Marchesini et al., 
2003b)], has been published. The problem of lost information within 
the synchrotron beam-stop has been addressed by reconstructing the 
diffuse scattering around a Bragg refl ection from a nanocrystal 
(Robinson et al., 2001). In 2001 the fi rst of a biannual series of confer-
ences on the noncrystallographic phase problem was held at Lawrence 
Berkeley Laboratory (Spence et al., 2001), with a second in Cairns, 
Australia. The latest, held at Porquelles in France in 2005, can be found 
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at http://www.esrf.fr/NewsAndEvents/Events/Non-Crys20-06-05/. 
An entirely different approach to the solution of the phase problem, 
based on the transport of intensity equations, has also been fully devel-
oped during this period and applied to optical, X-ray, and electron 
imaging (Paganin and Nugent, 1998).

These theoretical developments, often based on computer simula-
tions, have been supported by far fewer demonstrations of inversions 
from experimental data. Only experimental results can truly give con-
fi dence in theory, and early results were somewhat disappointing. An 
early application of the HIO algorithm to experimental optical speckle 
data can be found in Cederquist et al. (1988), and applications to images 
formed with laser light can be found in Weierstall et al. (2001). In the 
X-ray imaging community the work at Brookhaven fi nally paid off in 
1999, when images of lithographed characters were reconstructed from 
soft X-ray diffraction patterns (Miao et al., 1999). More recently, an 
atomic-resolution image of a single double-walled carbon nanotube 
has been reconstructed from its electron microdiffraction pattern (Zuo 
et al., 2003). These successes have led to rapid growth of the subject in 
recent years.

3 Objects, Images, and Diffraction Patterns: 
Validity Domains of Approximations

The terms object, image, diffraction pattern, exit-face wavefunction, real and 
complex object, and transmission function have sometimes been confused 
in the literature and are defi ned here for clarity. We defi ne the object 
by its ground-state charge density ρ(R) (which diffracts X-rays) and by 
the corresponding electrostatic potential V(R) (which diffracts elec-
trons). V(R) is related to the density ρ(R) by Poisson’s equation. As a 
result of inelastic processes, both may be complex, and could be referred 
to generally as the “complex optical potential,” but in this chapter 
unless otherwise stated we take them to be real. Here R is a three-
dimensional vector while r will be two dimensional. We defi ne the 
exit-face wavefunction Ψ(r) across the downstream face of a thin slab of 
sample in the transmission diffraction geometry with transmission func-
tion T(r) by

Ψ(r) = T(r) Ψ0(r)

where Ψ0(r) is the wavefi eld incident on the sample. [For perfectly 
coherent radiation from a point source, collimated by a lens, Ψ0(r) is 
approximately a plane-wave.]

Transmission functions for X-ray and electron diffraction are derived 
below in terms of the wanted object properties ρ(R) or V(R). We defi ne 
the image as any magnifi ed, resolution-limited or aberrated copy of 
Ψ0(r), formed by a lens. Unfortunately this term is now widely used in 
the CDI literature as a synonym for either object or exit-face wavefunction. 
This use of “image” to refer to an exit-face wavefunction is now fi rmly 
established and will be continued here; however, the more important 
distinction between object and exit-face wavefunction is likely to 
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become important in future work, and should be preserved. The terms 
“real object” and “complex object” have also been widely adopted in 
optics, but should strictly refer to the nature of the exit-face wavefunc-
tion for two-dimensional imaging. [For a strong phase object described 
by Eq. (1), the object ∆n may be real, but the exit-face wavefunction 
complex. Most authors would refer to this as a “complex object,” 
however, the object property we wish to recover is ∆n(r).] It is also 
useful to reserve the word image for real-space functions, and diffraction 
for reciprocal space, so that the term “diffraction image,” when refer-
ring to a diffraction pattern, should be avoided. The measured diffrac-
tion pattern intensity is I(u) = |Φ(u)|2, with Φ(u) the Fourier transform 
of Ψ(r) and scattering vector |u| = Θ/λ for small scattering angles Θ. 
(Here λ is the X-ray, or relativistically corrected de Broglie wavelength 
for electrons.) I(u) = I(−u) if Ψ(r) is real, or, for complex objects, if Ψ(r) 
= Ψ(−r). Φ(u) = Φ*(−u) for real Ψ(r), while Φ(u) is a signed real quantity 
if Ψ(r) = Ψ(−r) and Ψ(r) is real. The aim of diffractive imaging is to 
reconstruct the object from the scattered intensity I(u); however, as a 
fi rst step the exit-face wavefunction Ψ(r), which is simply related to 
Φ(u) by a Fourier transform, is obtained. [This reduces to determina-
tion of the sign of Φ(u) if Ψ(r) = Ψ(−r) and Ψ(r) is real.] The further 
recovery of object properties ρ(R) or V(R) from Ψ(r) may be possible 
only in the absence of multiple scattering or inelastic scattering. For 
electron diffraction, the weak-phase approximation generates a “real 
object” in the language of optics and diffractive imaging, as described 
below. For X-ray diffraction, where single-scattering conditions are 
common, the absence of spatially dependent absorption (due to the 
photoelectric effect) provides such a “real object,” so that imaging 
should be performed at energies that avoid absorption edges for any 
elements present if phase contrast is expected. A single, spatially 
uniform absorptive process, however, may allow the phase contrast 
formulation to be used. The introduction of the transmission function 
allows a simple extension to the case of coherent convergent-beam 
illumination and related methods for phasing (Spence and Zuo, 
1992).

We now relate Ψ(r) to the wanted object properties ρ(R) or V(R) for 
the case of visible light, electron beams, and X-rays in the projection, 
iconal, or “fl at Ewald sphere” approximation. Both refractive and dis-
sipative (inelastic) processes may occur. In each case it is necessary to 
consider whether an iconal or projection approximation may be made, 
and the question of whether three-dimensional (tomographic) infor-
mation (discussed later) may be extracted.

The simplest case for each radiation is that in which the projection 
approximation holds, in which case the image Ψ(r) may be treated as 
a simple projection of some property of the sample, taken in the beam 
direction. Then, if a transmission sample in the form of a thin plate of 
thickness t is illuminated by a plane-wave,

 ψ ψ π λ πr r r r u r( ) = ( ) ( ) = − ( )[ ] − ⋅T i n ip0 02 2exp / exp∆ (( )  (1)

For normal-incidence plane-wave illumination uo = 0, and we may 
set Ψ0(r) = 1, and Ψ(r) = exp[−iθ(r)]. Here ∆np is proportional to the 
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complex refractive index of the sample for the radiation concerned. We 
see that a real (“mask-like”) object can be obtained only if the real part 
of ∆np is independent of r, and all structural information is contained 
in the imaginary part. These experimental conditions (pure “absorp-
tion” contrast) can be obtained only at relatively low spatial resolution 
(under incoherent conditions) for both electrons and X-rays.

For X-rays,

 ∆n i dzp

t

r R R( ) = ( ) − ( )[ ]∫ δ β
0

 (2)

where d is a positive quantity (Kirz et al., 1995). In terms of mean 
values, the complex index of refraction for X-rays is n = 1 − ∆n, =(1 − δ) 
+ iβ, where δ describes refraction and β absorption (mainly the photo-
electric effect, arising from absorption edges). The linear absorption 
coeffi cient is µ = 4πβ/λ. The dependence of ∆n(r) on the real and imagi-
nary parts of the atomic scattering factors f and f′ is given by δ = (reλ2/
2π)naf, and β = (reλ2/2π)naf′, with na atoms per unit volume and re the 
classical electron radius. Away from absorption edges, the electronic 
charge density (excluding the nuclear contribution) is

 ρ π
λ

δR R( ) =






( )2
2re

 (3)

If small bonding effects are ignored, ρ(R) is obtainable from tabulated 
X-ray scattering factors for neutral atoms.

Since δ is about 10−3 at 6 kV for light materials, a thickness of about 
0.3 µm of sapphire is needed to obtain a phase shift of π/2, allowing a 
fi rst-order expansion of Eq.(1). Then the diffracted amplitudes are 
simply proportional to the Fourier transform of the projected charge 
density of the object.

For an electron beam of kinetic energy eVo,

 ∆n
V

V
dz

t

p
cr

R( ) =
( )

∫ 2 00

 (4)

where Vc(R) is the complex “optical” potential for high energy electrons 
(Radi, 1970; Howie and Stern, 1972), and the mean refractive index for 
electrons is n = 1 + ∆n. The real part of this, for high energies, is the 
positive electrostatic or Coloumb potential, also obtainable from X-ray 
scattering factors using Poisson’s equation (Spence and Zuo, 1992). The 
imaginary part (typically about a tenth of the real part) accounts for 
depletion of the elastic wavefi eld by inelastic scattering events such as 
plasmon, inner-shell, and phonon scattering. The average value V0 of 
Re(Vc) is about 12 eV for light materials, and is positive, so this may be 
used as a constraint. Both real and imaginary parts of the potential 
Vc(R) are positive if the mean inner potential is included, since electron 
beams are attracted predominantly to the positive nuclei. Electron dif-
fraction in the transmission geometry is not, however, sensitive to the 
mean potential V0, which produces only a constant phase shift. The 
mean inner potential can be meaningfully defi ned only for a fi nite 
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object with zero total charge (O’Keeffe and Spence, 1993). Although the 
potential due to an (unphysical) isolated negative ion may have small 
negative excursions, the mean value depends on the volume assumed, 
and, in a real crystal, any long range ionic potential is also screened. 
In summary, in the absence of its mean value, the real part of the optical 
potential used to describe electron diffraction (when synthesized from 
diffraction data, with resolution limited by a temperature factor) is 
positive, except for possible very small negative excursions around 
negative ions. The positivity of the imaginary part is guaranteed by 
the requirement that energy gain is forbidden in inelastic processes if 
very small virtual processes are ignored. Fourier coeffi cients of the 
total optical potential may have either sign, and those of the real 
(elastic) and imaginary (inelastic) potential become mixed in objects 
without inversion symmetry. Hence a sign condition on the optical 
potential may be used as a convex constraint unless atomic resolution 
reconstructions are attempted of suffi ciently high accuracy to detect 
the very weak bonding effects.

By estimating the maximum value of [Re(Vc) − Vo], the maximum 
thickness can be estimated for which a fi rst-order expansion of Eq.(1) 
may be made, the weak-phase approximation, in which θ(r) << π/2. 
This is also a limited case of the single scattering approximation. For 
X-rays, the maximum thickness allowable in the weak-phase object 
approximation can be estimated using the CXRO web calculator page 
supported by the Lawrence Berkeley Laboratory at http://www-cxro.
lbl.gov/. For electrons the Fourier coeffi cients of electrostatic potential 
published for many materials by Radi may be useful (Radi, 1970), since 
these also provide an estimate of the imaginary part of the optical 
potential for electron diffraction due to inelastic scattering.

For visible light, ∆np(r) has a similar interpretation as for X-rays (with 
n given by the square root of the complex dielectric constant), however, 
n > 1. Thus visible light and electrons (n > 1) are bent toward the normal 
on entering a denser medium, while X-rays undergo total external 
refl ection, with n < 1.

In summary, if inelastic processes are neglected (away from absorp-
tion edges), at high energies, transmission samples of thickness t are 
phase objects for electrons and X-rays, for which the refractive index 
is proportional to the electron density for X-rays and to the total elec-
trostatic potential, including the nuclear contribution, for electrons. 
Poisson’s equation relates these. The magnitudes of these quantities are 
such that a fi rst-order expansion of Eq.(1) (weak phase object approxi-
mation) is justifi ed [2πinp(r)/λ < π/2) if t < 20 nm for electrons (light 
elements, V0 = 200 kV) but t < 0.3 µm for X-rays (light inorganic material, 
6 kV). Higher order terms in the expansion of Eq.(1) correspond to the 
multiple-scattering terms of the Born series in a “fl at Ewald sphere” 
approximation.

This “fl at sphere” or projection approximation, on which Eq.(1) is 
based, depends on the ratio of wavelength to smallest detail d of inter-
est (with spatial frequency u = 1/d), and on the thickness of the sample. 
Scattering kinematics restrict elastic scattering to regions of reciprocal 
space near the energy and momentum-conserving Ewald sphere of 
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radius 1/λ. The projection approximation holds if the “excitation error” 
distance Su ≈ λu2/2 from this sphere onto a plane in reciprocal space 
normal to the beam (passing through the origin) is less than either 1/t 
or 1/ξu, whichever is the smallest. (ξu is a multiple-scattering extinction 
distance for spatial frequency u. Thus samples never look thicker than 
ξu, to diffracting radiation.) Hence we require
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for the validity of Eq.(1). Since the width of the fi rst Fresnel fringe due 
to propagation over distance t is approximately w = (λt/2)1/2, this condi-
tion requires that the spreading of the wavefi eld due to free-space 
propagation over a distance equal to the thickness of the sample be 
small compared to the resolution required.

The failure of Eq.(1) may require either single or multiple scattering 
treatments, depending on the strength of the interaction and sample 
thickness. We note that Eq.(1) is an exact solution that sums the Born 
series, including all multiple scattering effects, in the limit of vanishing 
wavelength. For X-ray tomography, use of Eq.(1) greatly simplifi es the 
collection of data for three-dimensional reconstruction.

The preceding discussion has concerned two-dimensional imaging. 
For tomography there is a different analysis. Again, a single-scattering 
approximation must be used. But the introduction of a curved Ewald 
sphere does not prevent three-dimensional reconstruction (Miao et al., 
2002), since data may be collected for various object orientations, and 
in each case assigned to points on the sphere until all of the reciprocal 
space volume is fi lled. (Experimentally this is done by rotating the 
sample about an axis normal to the beam and recording a diffraction 
pattern at each orientation.) Use of the Fienup algorithm with three-
dimensional Fourier transform iterations can then take advantage of 
the improved convergence in three dimensions. A sign constraint may 
or may not be applied to both real and imaginary parts of the scattering 
potential, and a general spherical support, enclosing the object, has 
been found useful.

4 The HIO Algorithm and Its Variants

We now assume the weak-phase approximation, in which the exit-face 
wavefunction is computed along a single optical path along the beam 
direction, and no multiple scattering or inelastic processes are permit-
ted other than an overall, spatially independent exponential attenua-
tion with thickness. The recorded intensity of the diffraction pattern, 
excluding the central portion, is then given as

 I(u) = Φ(u)Φ(u)* = |FT(Ψ(r)|2 (7)
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If the phase of the Fourier transform FT[Ψ(r)] could be recovered, 
than the aberration-free complex exit wave Ψ(r) could be reconstructed. 
Aberrations of any diffraction lenses in the electron case that magnify 
the diffraction pattern (astigmatism, distortion, etc.) could alter the 
intensity distribution I(u) and so complicate recovery.

For nonperiodic objects the phase problem can now be solved if the 
object has a fi nite support, i.e., the image is nonzero only within a fi nite 
region of image space and if the image is real and nonnegative. For a 
weak phase object the exit-face wavefunction is Ψ(r) ∼ 1 − iθ(r) where 
θ(r) may be treated as real and positive. The diffracted amplitude is 
Ψ(u) = δ(u) − iΦ(u), for which the scattered part differs in phase by 90° 
from the direct beam given by the fi rst term. This direct “unscattered” 
beam is absorbed by the beam-stop; diffi culties arising from the fi nite 
size of this are discussed later, and we note that the average value of 
θ(r) is also lost within the beam stop. Including a larger area around 
the object known a priori to have zero or unit transmission function is 
equivalent to “oversampling” in Fourier space, and the spatial coher-
ence of the illumination must span this larger area, at least equal to 
that of the autocorrelation function of the object. Hence diffractive 
imaging requires spatial coherence twice that of coherent imaging with 
a lens (Spence et al., 2004), increasing exposure time by a factor of four 
for a given source and resolution limit.

We assume that |FT[Ψ(x, y)]| has been measured, and that the 
support S(x, y) of θ(r) (which is the same as that of the object) is known. 
S(x, y) is the region outside which the object is known to be zero. The 
iterations start with an initial estimate G̃1(u, v) = |FT[Ψ(x, y)]|exp[iθ1(u, 
v)] of the spectrum. θ1(u, v) is chosen to be an array of independent 
pseudorandom real numbers distributed between 0 and 2π. The itera-
tive Fourier transform algorithm consists of the following steps (with 
subscript k labeling quantities at the kth iteration):

1. Inverse Fourier transform G̃k(u, v) to obtain the image g̃k(x, y)
2. Defi ne gk+1(x, y) as

 g x y g x y x y S x y
g x y gk

k

k
+ ( ) = ( ) ( ) ∈ ( )

( ) −1 , , , ,
,

�
�

if
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This constitutes the HIO version of the algorithm. β is a constant 
chosen between 0.5 and 1. In the ER version of the algorithm this step 
is replaced by

 g x y
g x y x y S x y

x y S xk
k

+ ( ) = ( ) ( ) ∈ ( )
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,

� if
if ,, y( ){  (9)

3. Fourier transform gk+1(x, y) to obtain Gk+1(u, v)
4. Defi ne new Fourier domain function G̃k+1(u, v) using the known 

Fourier modulus |FT[Ψ(x, y)]| with the computed phase:

G̃k+1(u, v) = |FT[Ψ(x, y)]|exp[iθk+1(u, v)]

5. Go to step 1 with k replaced by (k + 1).

To monitor the progress of the algorithm, the object space error metric 
εk is calculated during each iteration:
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εk is the amount by which the reconstructed image violates the image-
space constraints. Physically, in the X-ray case, it is the normalized 
amount of charge that remains outside the boundary of the object, 
which should be zero. In all our calculations we have used β = 0.7 and 
a combination of the ER and HIO algorithms, with 20 ER iterations 
followed by 50 HIO cycles, all repeated until the error εk drops below 
a certain level. Simulations based on the above procedure with small 
noise levels invariably converge to the correct solution (Weierstall 
et al., 2001; Spence et al., 2002). Since g(x, y), g*(−x − a1, −y − a2)exp(iθ) 
and g(x − a1, y − a2)exp(iθ) all have the same Fourier modulus they 
cannot be distinguished by the algorithm. Each run of the algorithm 
started with different random phases may thus produce images cen-
tered on different origins or related by inversion symmetry. We call 
these equivalent images. (Similarly, in three dimensions, enantio-
morphs cannot be distinguished.)

Some understanding of the inversion can be obtained by considering 
the Fourier equations relating the object to its diffraction pattern. We 
reverse the domains originally considered by Shannon, and treat the 
object space as if it applies a “bandlimit” to the diffraction pattern (the 
object is assumed compact). Shannon’s theorem then specifi es either 
the sampling interval on the diffraction pattern intensity needed to 
fully reconstruct the autocorrelation function of the object, or the sam-
pling of the complex scattered amplitude needed to reconstruct the 
object. Consider a simple one-dimensional complex exit-face wavefunc-
tion f(x), which is nonzero only for 0 < x < W, so the support has width 
W. We fi rst treat this function as the “bandlimit” on the diffraction 
pattern F(u), which must therefore be sampled at intervals un = n/W by 
the detector to satisfy Shannon’s theorem. We then have the N equa-
tions (one for each pixel in the detector)

F u f x inx W n Nn i i
i

N

( ) = ( ) ( ) =
=
∑ exp . . .2 1

1

π

relating measured intensities |F| to the 2N unknown complex values 
of f(xi) we seek. Since there are more unknowns than equations, the 
complex values of f(x) cannot be found from these measurements.

However, now consider the same function placed within a domain 
of width 2W, so that the values of f(x) in W < x < 2W are known a priori 
to be zero. The sampling interval on F(u) is now 1/(2W) and we thus 
have 2N equations, but the number of unknown values of f(x) remains 
at 2N, so that the system of equations now becomes solvable in princi-
ple. Loosely speaking, we compensate for the missing half of the data 
in the diffraction domain (the phases) by requiring that half of the 
object values be known (they are zero outside the support of width W). 
Since the HIO algorithm assigns a random set of phases initially, the 
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equations are also linear within the algorithm unless a sign constraint 
is applied. Experimentally, real data from a CCD may not provide 
independent equations (symmetrical support shapes also lead to 
dependent equations) and the effects of noise must be considered. 
Large systems of nonlinear equations are normally extremely diffi cult 
or impossible to solve, so it is remarkable that the HIO algorithm does 
this so effectively, for reasons that are not fully understood, since 
few methods exist for analyzing nonconvex optimization. However, 
although the Fourier modulus constraint is nonconvex, it is known that 
the error surface in hyperspace is not a rugged landscape, but consists 
of a single rather smooth minimum with a few small bumps. Use of a 
boundary estimate (support) without symmetry also drives the algo-
rithm toward one particular enantiomorph ρ(r) rather than a spurious 
mixture involving ρ(−r).

This example may be extended to other cases: for complex, two-
dimensional objects there are 2N2 unknowns but N2 equations (if the 
CCD has linear pixel dimension N). But by placing empty space around 
our compact object, which increases the diffracting volume by 21/2 in 
both dimensions, we sample the diffraction pattern more fi nely and 
recover the 2N2 equations needed to solve the phase problem. It is the 
knowledge of the support (the object boundary) that ensures that 
known object pixel values may be inserted in the algorithm correctly 
outside the support. Experimentally, this creates the greatest diffi culty 
of the diffractive imaging method; it is necessary to know a priori that 
the diffraction pattern comes from an isolated object whose size is approxi-
mately known. The existence of any material outside the assumed 
support that unwittingly contributes to the diffraction pattern will 
result in inconsistent constraints being applied by the algorithm, which 
will then not converge.

When experimental data are analyzed, the physical support in the 
object may not be known accurately. To avoid confusion we call the 
support actually present in the experiment the “physical support” and 
the support estimate used in the data analysis the “computational 
support.” The term “loose support” describes the situation in which 
the computational support is larger than the physical support. “Tight 
support” means the physical support is the same as the experimental 
support. For two-dimensional simulations with real objects, it is found 
that a “default” triangular-shaped support may invariably be used, if 
it is chosen to lack any symmetry and enclose the object. With experi-
mental data, convergence may be slower (or nonexistent) due to high 
noise levels, the absence of data around the origin at the beam-stop, 
and excessively loose support. Then the simplest initial choice of 
support is the boundary of the autocorrelation function (obtained by 
Fourier transform of the diffracted intensity). This estimate is rapidly 
improved upon by the shrinkwrap algorithm, which uses a specifi ed 
intensity threshold to fi nd an improved smaller boundary at every 
iteration of the HIO algorithm (Marchesini et al., 2003b). This appears 
to be the most useful practical algorithm at present. Depending on 
noise levels, the support estimate has been found to be suffi ciently 
accurate to deal with complex objects in many cases.
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We conclude this section with some comments on additional con-
straints, the beam stop problem, support determination, and recent 
algorithm developments. In the general case of strong multiple scatter-
ing no simple closed-form expression relates the object to the exit-face 
wavefunction, and the two are related only by symmetry constraints. 
For a general (“strong”) phase object [Eq. (1)], a unit modulus con-
straint may be applied, so that reconstructed pixels are forced to lie on 
a unit circle on an Argand diagram; however, this constraint is non-
convex and so has not been found very useful in practice. For such an 
object, to which a spatially independent absorption term is added [so 
that ρ(R) or Vc(R) has a constant known imaginary part], the recon-
structed image pixels may be constrained to lie on a given spiral on an 
Argand diagram. A summary of the many constraints that have been 
tried and experimental results is given in Weierstall et al. (2001). Other 
constraints include atomicity, symmetry (most useful for reducing 
computing time), imposition of a known histogram of gray-levels for 
the object density, and low-resolution imaging by a different technique 
to provide a support estimate. In the following section the use of pre-
pared objects is demonstrated to allow the method of Fourier trans-
form holography to be used to provide a support estimate. The reference 
object need not be a simple point scatterer (He et al., 2004), and may 
have an extended complicated known shape (Szoke, 1997). The shrink-
wrap algorithm described below rapidly improves iteratively on any 
initial support estimate and is found to converge for both real and 
complex objects under a wide range of conditions. For arrays of semi-
conductor devices the support will often be known, so that tomo-
graphic imaging of defects within an array element might be based on 
a support provided by the lithography pattern used to make the 
array.

A remarkable new “fl ipping” algorithm has recently appeared 
(Oszlanyi and Suto, 2004) for the crystallographic phase problem, 
which may also be adapted for nonperiodic objects, in which case it 
reduces to Fienup’s output–output algorithm with feedback parameter 
β = 2 and a dynamic support defi ned by an adjustable threshold (Wu 
et al., 2004b). This algorithm operates as follows: First, random phases 
are assigned to the structure factors, which must extend to atomic reso-
lution. These are transformed to yield a real charge density. All density 
values below a certain threshold have their sign reversed. The result is 
transformed, and Fourier magnitudes are replaced with measured 
values. The process is continued to convergence. This algorithm (far 
simpler than the direct methods normally used in crystallography) has 
been used to solve new crystal structures from X-ray data (Wu et al., 
2004a), and is found to perform very well. It does not require a support 
estimate or knowledge of atomic scattering factors, but does require 
atomic-resolution data. The “atomicity” constraint in crystallography 
assumes that the solution density consists of a set of smooth peaks, and 
requires that diffraction data extend to atomic resolution. The support 
then consists of spheres around each atom; most of the density within 
a crystal consists of empty space between atoms, akin to the zero-
density band generated by oversampling around an object in the HIO 
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algorithm. Since all matter in the cold universe consists of atoms (whose 
scattering factors are known), this constraint provides an extremely 
powerful ab initio assumption if one has atomic-resolution data, and is 
the basis of the direct methods algorithms of X-ray crystallography. 
Other known “building blocks” (such as gold balls or lithographed 
dots) have been used to reduce the number of unknown parameters in 
image defi nition (Spence et al., 2003b). (For proteins, for example, both 
the sequence and the atomic structure of the 20 amino acids of which 
they consist are usually known a priori, together with a typical gray-
level histogram for the density maps.) An algorithm that has used the 
atomicity idea for nonperiodic data is Speden (Hau-Riege et al., 2004), 
which has been applied to the data of Figure 19–3. Finally, we note the 
use of the HIO algorithm for two-dimensional protein crystals in elec-
tron microscopy. This technique uses Fourier transforms of conven-
tional weak-phase-object images (formed with a magnetic lens) to 
provide the phases of structure factors, and diffraction patterns for 
their magnitudes. The subnanometer resolution images must be 
obtained over as large a range of tilts as possible, creating serious 
experimental diffi culty. These two-dimensional monolayer crystals are 
nonperiodic in the direction normal to the plane of the crystal, so that 
lines of diffraction are generated in reciprocal space. By oversampling 
along these lines it is possible to phase these reciprocal lattice rods 
individually. The phase relation linking them can then be obtained 
form a few high-resolution images recorded at small tilts. In this way 
the number of electron microscope images needed for three-
dimensional imaging of two-dimensional organic crystals can be 
greatly reduced, with most of the reconstruction based on easy-to-
obtain diffraction data (Spence et al., 2003a).

We note in passing that the nonuniqueness of the crystallographic 
phase problem has been well studied; the so called “homometric” 
crystal structures studied by Pauling, Burger, and others have the same 
diffraction patterns, but different structures. (They are not enantio-
morphs.) Fortunately these are very rare.

Several approaches have been made to the problem of data lost 
behind a synchrotron beam-stop, which is essential to protect a sensi-
tive area detector. Any additional blooming can mean much loss of 
low-frequency data. In several HIO applications these missing values 
have simply been treated as free adjustable parameters, and the algo-
rithm was found to converge. Calibrated absorption fi lters have been 
placed in front of the inner portion of the detector. Another solution is 
to use a sample consisting of an unknown object fi lling a small hole 
in an otherwise opaque mask (Eisebett et al., 2004; Weierstall et al., 
2001). Stray scattering of X-rays from the edges of the holes in the mask 
can be a diffi culty; however, surface roughness, which is smaller than 
the wavelength of the X-rays, produces little scattering. The use of very 
small silicon nitride windows (e.g., 2 µm width) greatly reduces the 
intensity of the direct beam and blooming effects; however, the detailed 
shape of the partially transparent silicon wedge around the window 
must then be modeled and used as a support for inversion. (When 
making samples of small particles deposited from solution, it is most 
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effi cient to use a focused ion beam to remove all but a favorably located 
and isolated particle in the center of the window.) Finally, the “diffuse” 
X-ray scattering around Bragg peaks (which forms the “shape trans-
form” of the object) from a crystallite has been inverted to an image, 
thus avoiding the direct-beam scattering (Robinson et al., 2001; 
Williams et al., 2003).

5 Experimental Results

Figure 19–1 shows the fi rst X-ray images reconstructed by this lensless 
method in 1999 (Miao et al., 1999). The test object consists of letters 
formed from gold dots, 100 nm in diameter and 80 nm thick, on a trans-
parent silicon nitride membrane. The transmission X-ray diffraction 
pattern formed with 1.7-nm monochromatic soft X-rays is shown in 
Figure 19–1A and the reconstructed image in Figure 19–1B. The object 
was illuminated through a coherently fi lled 10-µm-diameter pinhole, 
and a 25-cm camera length was used. Missing data from the central 
region within the beamstop were obtained from a lower-resolution 
optical image. The exposure time was 15 mins at the Brookhaven syn-
chrotron. The Fienup algorithm was used for reconstruction, with a 
sign constraint applied to both real and imaginary parts of the scatter-
ing potential. A square support was used (irregular shapes usually 
work better) and 1000 iterations were needed for convergence. The 
resolution is about 75 nm. A detailed description of an improved version 
of the apparatus used to obtain this and other recent results at the 
Advanced Light Source is given in Beetz et al. (2005).

A B

1 mm

Figure 19–1. (A) Soft X-ray transmission diffraction pattern formed with 1.7-nm X-rays from the set 
of lithographed letters shown in (B). (B) Image recovered from (A) using a modifi ed form of the HIO 
algorithm. (From Miao et al., 1999.)



1212 J.C.H. Spence

Figure 19–2A shows a transmission diffraction pattern obtained 
using 600-eV monochromatic soft X-rays from clusters of gold balls, 
50 nm in diameter, lying on a silicon nitride membrane. The silicon 
nitride membrane is almost transparent to the X-rays, so the object 
provides a useful test object for reconstruction. The pattern resembles 
the Airey’s disk-like pattern from one ball, crossed by “speckle” fringes 
due to interference between different balls. An image reconstruction 
series using the shrinkwrap algorithm, in which the HIO algorithm 

AB
a

b
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e

Figure 19–2. (A) Soft X-ray transmission dif-
fraction pattern from clusters of 50-nm gold 
balls lying on a silicon nitride membrane. The 
X-ray wavelength is 2 nm (600 eV). The resolu-
tion at the midpoint of the sides corresponds to 
a spatial periodicity u−1 = 17.4 nm, or a Rayleigh 
resolution of 8.7 nm. (B) Image reconstruction 
series using the shrinkwrap algorithm, in which 
the HIO algorithm refi nes the support during 
iterations. The top image (a) is the centrosym-
metric autocorrelation function, with the support 
estimate shown as a mask below. Intermediate 
iterations lead to a fi nal converged image of gold 
ball clusters (e) shown at the bottom. The marker 
is 1 µm in length. The inversion symmetry is lost 
at (c).
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refi nes the support during iterations, is shown in Figure 19–2B. The 
top image is the centrosymmetric autocorrelation function, with the 
support estimate shown as a mask below. This mask was obtained by 
Fourier transform of the diffraction pattern intensity (to produce the 
autocorrelation function shown), followed by the selection of a contour 
corresponding to a certain threshold of intensity. This thresholding 
operation is repeated after each HIO-ER iteration cycle, to generate a 
new improved estimate of the object support (see Marchesini et al., 
2003b, for details). Intermediate iterations lead to the fi nal converged 
image of the gold ball clusters (e) shown at the bottom. The marker is 
1 µm in length. We note that the inversion symmetry necessarily pos-
sessed by the autocorrelation function at (a) is lost at (c) as it changes 
smoothly into the correctly phased image.

Figure 19–3 shows an instructive case, indicating the way in which 
“prepared objects” may be used to assist reconstruction. [Full experi-
mental details for CXDI are given in He et al. (2003), from which Figure 
19–3 is taken.] Figure 19–3A shows a scanning electron microscope 
(SEM) image of a set of gold balls lying on a silicon nitride membrane. 
One ball at A is isolated. The autocorrelation function obtained from 
an experimental soft X-ray transmission diffraction pattern (not shown) 
taken from this object is given in Figure 19–3B. This may be interpreted 
as the self-convolution of the object with its inverse, or, for a collection 
of point-like objects, as the set of all interpoint vectors. Some interball 
vectors are shown in Figure 19–3A and indicated again in Figure 19–3B. 
The convolution of the single isolated ball A with the three balls at B 
produces the autocorrelation function in Figure 19–3B a faithful image 
of the three balls, blurred by the image of one ball. This process is 

A B

Figure 19–3. (A) SEM image of several clusters of gold balls, each 50 nm in diameter. Some interball 
vectors are indicated. The balls lie on an X-ray transparent substrate. (B) The Fourier transform of the 
X-ray diffraction pattern taken from (A). This is the autocorrelation function of the density in (A) and 
is a map of all interball vectors or the self-convolution of the object with its inverse. Because the object 
in (A) includes a single isolated ball at A, the vector AB leads to a faithful image of the triple-ball 
cluster at B. (The convolution of one ball with three gives a blurred image of three.) (From He 
et al., 2003.)
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similar to the heavy-atom method of X-ray crystallography, or the 
method of Fourier transform holography in optics (Collier et al., 1971). 
If such a gold ball or strong “point” scatterer can be placed near an 
unknown object, the autocorrelation function will contain a useful fi rst 
estimate of the desired image of the unknown, which can also be used 
to provide a support for further HIO iterations aimed at improving 
resolution. This process is demonstrated in He et al. (2004), where, fol-
lowing the original suggestion of Stroke (1997), it is found that the 
resolution in the autocorrelation “image” may be considerably improved 
beyond the size of the reference ball by simple deconvolution. By using 
a larger reference object, or one consisting of a cluster of small balls, 
the intensity of scattering from the reference object can be increased. 
It has been noted that a randomly placed cluster of point scatterers can 
provide a high resolution image in Fourier transform holography when 
used as a reference object (see He et al., 2004; Collier et al., 1971; Eisebett 
et al., 2004, for more details and references).

The fi rst successful application of CDI to the electron diffraction 
patterns provided by a transmission electron microscope (TEM) is 
described in Weierstall et al. (2001), where a complete description of 
the method can be found. An important asset of the TEM is its ability 
to provide an image of the same region that contributes to the micro-
diffraction pattern, so that this image can be used to supply the support. 
However, electron scattering is so strong that any scattering contribu-
tion from a supporting fi lm, however thin, is found to prevent success-
ful CDI. The resolution of the best TEM instruments in direct 
phase-contrast imaging mode using lenses is now about 1 Å. Figure 
19–4 shows a more recent application of CDI to an electron diffraction 
pattern using a TEM (Zuo et al., 2003). This remarkable image is the 
fi rst atomic-resolution CDI image, and possibly the fi rst atomic-
resolution image of a nanotube. The image gives us the helicity of the 
tube, its dimensions, and the number of walls. The double-walled 
nanotube spans a hole in a thin amorphous carbon fi lm, while the 
electron beam diameter (about 50 nm) is smaller than the hole, so that 
there is no background contribution from the carbon fi lm. A conven-
tional TEM image was used to provide the support function for HIO 
iterations along the edges of the tube, and it is suggested that the 
boundary of the support across the tube is provided by loss of coher-
ence at the edge of the electron probe due to rapid phase variations 
arising from the aberrations of the probe-forming lens. (In general a 
tight support is desirable for CDI.) The image shows higher resolution 
detail than conventional TEM images of nanotubes. Resolution is 
limited perhaps only by the temperature factor, or by distortions in 
electron lenses used to magnify the diffraction pattern. It remains to 
be seen if tomographic imaging at atomic resolution is simplest by this 
method or by direct TEM imaging using lenses. If CDI is used, the 
diffi cult problem of supporting a nanoparticle for diffraction over a 
range of orientations will need to be solved. Radiation damage may be 
reduced in diffraction mode under some conditions.

Three-dimensional (tomographic) CDI of inorganic samples has now 
been demonstrated (Miao et al., 2002; Williams et al., 2003; Chapman 
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et al., 2006) using soft X-rays at a resolution of about 10 nm. This raises 
hopes of direct imaging, for example, of whole cells by this method if 
radiation damage considerations allow this at usefully high resolution. 
The X-ray source is a synchrotron and undulator, providing coherent 

A

B

Figure 19–4. (A) Electron microdiffraction pattern from a single double-
walled nanotube. This consists of a rolled-up sheet of graphite. Fine details 
arise from the helical structure (Zuo et al., 2003). (B) At left is the experimental 
image of the double-walled nanotube reconstructed from the electron diffrac-
tion pattern in (A). At right is shown a corresponding model of the structure 
(Zuo et al., 2003).
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radiation at about 600 eV. In recent work (Chapman et al., 2006), a 
simple zone plate was used as a monochromator, following by a beam-
defi ning aperture of about 10 µm in diameter, coherently fi lled. A nude 
soft X-ray CCD camera, employing 1024 × 1024 24-µm pixels was used. 
The sample is mounted in the center of a silicon nitride window fi tted 
to a TEM single-tilt holder, which provides automated rotation about 
a single axis normal to the X-ray beam. The window is rectangular, 
with the long axis normal to both the beam and the holder axis. Dif-
fraction patterns are recorded at 1° rotation increments, with a typical 
recording time of about 15 min per orientation. The maximum tilt angle 
is then limited by the thickness of the silicon frame around the window 
to perhaps 80°, resulting in a missing wedge of data. In addition, data 
may be missing around the axial beamstop. The development of 
software for automated tomographic diffraction data collection and 
merging is a large undertaking (Frank et al., 1996), and much can be 
learned from the prior experience of tomography in biological electron 

In that case, however, the registration of successive images at different 
tilts is greatly facilitated by direct observation of image features. The 
use of shadow images or X-ray zone-plate images for similar purposes 
has been suggested. With no direct imaging mode, much time is wasted 
in X-ray work locating the beam on the sample, which, with current 
CCD detectors, will typically be smaller than 2 µm in diameter. The 
fi nal resolution (in one dimension), allowing for an “oversampling” 
factor of 2, will then be 4000/1024 = 3.9 nm. The camera length (sample-
to-detector distance) of the diffraction camera must then be selected to 
allow half this spatial frequency to fall at the edge of the CCD camera 
at umax = θmax/λ = 0.5/3.9 nm−1, so that the maximum scattering angle is 
θmax = 0.25 rad for λ = 2 nm. Then the fi nest periodicity in the object 
(3.9/0.5 nm) is sampled twice in every period, according to Shannon’s 
requirement (two points are required to defi ne the period and ampli-
tude of a sine wave if aliasing is excluded). For a CCD with linear pixel 
number N, the ratio of the fi nest detail to largest dimension is N/2, so 
that developments in detector technology limit CDI. The transverse 
spatial coherence of the beam must exceed 4 µm, as discussed together 
with monochromator requirements below.

Tomographic or three-dimensional imaging can provide the ability 
to “see inside” an object, but this requires that the intensity at a point 
in a projection be proportional to a line integral of some simple prop-
erty of the object, such as the charge density. Then methods such as 
fi ltered back-projection can reassemble these two-dimensional projec-
tions into a volume density. Contours of equal density may then be 
isolated and presented to show the internal structure. For CXDI, a dif-
ferent approach is used, and some simplifi cations occur. It is no longer 
necessary to make the resolution-limiting “fl at Ewald sphere” approxi-
mation, since diffraction data collected at one tilt can be assigned to 
points lying on the curved Ewald sphere in reciprocal space. (This is 
the momentum and energy-conserving sphere that describes elastic 
scattering in reciprocal space.) The sample is then rotated through this 
sphere around a single axis, until all of the reciprocal space is fi lled, 

microscopy, where these techniques have been perfected (Frank, 2006). 
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out to a given resolution. Three-dimensional interpolation of data 
points near the sphere is needed, and careful intensity scaling may be 
necessary if several exposures with different times are required to 
cover the full dynamic range of the data. It is often found that missing 
data points in the central region can be treated as adjustable parame-
ters in the HIO iterations. Once a roughly spherical volume has been 
fi lled in reciprocal space (perhaps with missing wedge and beam-stop 
region), the three-dimensional iterations of the HIO algorithm may be 
applied [Eqs. (8), (9), etc., extended to three dimensions]. The comput-
ing demands are severe, as outlined below. The converged data will 
provide a three-dimensional density map, proportional to the local 
charge density, if the single-scattering approximation of X-ray diffrac-
tion theory applies and if the spatial variation in attenuation of the 
beam due to the photoelectric effect can be neglected. Figure 19–5 
shows such a tomographic reconstruction, from which three-dimen-
sional surfaces of constant density may be obtained. These surfaces 
allow us to “see inside” materials, and may eventually permit maps 
to be obtained that distinguish regions of different chemical 
composition.

The usefulness of tomographic CXDI in biology remains to be deter-
mined; at present the method appears to have the advantages over 
electron microscopy by allowing observation of thicker samples under 
a wider range of environments (for example, in the “water window” 
around 580 eV for soft X-rays). By comparison with X-ray zone-plate 
“full-fi eld” imaging, the method allows a much larger numerical aper-
ture to be used, and hence makes more effi cient use of scattered 

A B

Figure 19–5. (A) Tomographic reconstruction from a soft X-ray diffraction pattern shown in (B). The 
object consists of gold balls (50 nm diameter) lying along the edges of a pyramidal-shaped silicon 
nitride structure. This is one image from a rotation series. From the complete series, three-dimensional 
surfaces of constant density can be constructed. (B) The volume of soft X-ray diffraction data collected 
to obtain the three-dimensional reconstruction in (A). (See color plate.)
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photons, while providing potentially higher resolution. At high resolu-
tion the depth of focus λ/θ2 may become less than the sample thick-
ness, which prevents tomographic reconstruction by back-projection 
methods based on simple projections. Then tomography may best be 
undertaken using optical sectioning rather than reconstruction from 
projections. CDI, based on three-dimensional diffraction data, pro-
vides a third alternative. The resolution limit imposed by radiation 
damage in CXDI, as expressed by the Rose equation (Spence, 2003), 
remains to be determined experimentally, but is likely to be signifi -
cantly poorer than 1 nm, which has already been achieved in three-
dimensional single-particle electron microscopy of proteins. Howells 
et al. (2005) and Marchesini et al. (2003a) provide a detailed discussion 
of this large subject, including a plot of dose against resolution for 
various microscopies in biology, as discussed in Section 9, shown in 
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Figure 19–6. Summary of experimental measurement on organics for various microscopies on a plot 
of dose against resolution (Howells et al., 2005). Literature experimental values (e.g., Reimer, 1989) are 
shown as follows: Filled circles are from X-ray crystallography, fi lled triangles from electron crystal-
lography, open circles from single-particle electron cryoelectron microscopy, open triangles from 
electron tomography, diamonds from soft X-ray microscopy, and fi lled squares from recent X-ray 
crystallography work on spot-fading experiments by Holton on the ribosome at the Advanced Light 
Source. Viable single-molecule microscopies must fall above the Rose equation line (to give a statisti-
cally signifi cant image) and below the maximum tolerable damage line. Those below the Rose equation 
line succeeded by using crystallographic redundancy and form a periodically averaged image of 
perhaps 108 molecules in a crystal. The required imaging dose is calculated for a protein of empirical 
formula H50C30N9O10S1 and density 1.35 g/cm3 against a background of water, imaged with 10 keV 
X-rays (upper Rose line) and 1 keV (lower Rose line).
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Figure 19–6 (see also Henderson, 1995). The dose-fractionation theorem 
of Hegel and Hoppe is also relevant (Reimer, 1989). Recently, dramatic 
images of whole yeast cells have been imaged by CDI (Shapiro et al., 
2005) using the apparatus described by Beetz et al. (2005).

6 Iterated Projections

A breakthrough in understanding the remarkable success of the HIO 
algorithm occurred in 1984, when Levi and Stark (1984) (based on 
earlier work by Youla and Webb, 1982) showed that the algorithm could 
be understood as successive Bregman projections between convex and 
nonconvex sets. Here an image is represented as a single vector R in 
an N-dimensional space, with one coordinate for each pixel. The addi-
tion of two such vectors adds together two images. Distance between 
images (vectors) in this space has the form of the familiar χ2 goodness 
of fi t index, so that similar images are near each other. The set of all 
images subject to a given constraint (e.g., known symmetry, known 
Fourier modulus, known sign of density, known support) is considered 
to occupy a volume in this space. The operation of taking a current 
estimate of the image, performing a Fourier transform, replacing the 
magnitudes of the diffracted amplitudes with the measured values, 
and inverse transforming was shown to be a projection onto the set of 
images subject to the Fourier modulus constraint. Vectors R between 
the boundaries of two constrained sets of images are considered. If it 
is shown that all the images within the only overlap between two 
constrained sets are equivalent solutions, then the phase problem 
reduces to fi nding this volume, where R = χ2 and the ER error metric 
are a minimum. Constraints may be of two types—convex and non-
convex. For a convex set, all points on any line segment terminating 
within the set lie inside the set. A set P is convex if αR + (1 − α)R′ lies 
within P for all R and R′. Here 0 < α < 1 is a scalar defi ning position 
along the line. In two dimensions, a kidney-shaped set is nonconvex 
and an ellipse is convex. Bregman has shown that iterative projections 
between convex sets must lead directly to a unique solution if it exists, 
without stagnation. In this manner the global optimization problem is 
solved without an exhaustive search for the case in which a unique 
solution and convex constraints are known to exist. For our problem 
the Fourier modulus constraint (the known diffraction intensities) is 
nonconvex, so that this approach has been of limited value. However, 
it provides a powerful geometric way of thinking about the algorithm 
as a trajectory in Hilbert space, which is usually drawn in two dimen-
sions for simplicity. The effects of variations in feedback parameter β 
can be understood, convergence properties studied, and new algo-
rithms proposed. For the ER algorithm, the path is a zig-zag between 
the boundaries of sets; for the HIO it is a spiral. Some desirable convex 
constraints include known support, a knowledge of phase rather than 
amplitude, the sign constraint, symmetry, a known histogram of 
density levels (Zhang and Main, 1990) (such as exists for proteins), 
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entropy minimization, and (for nonoverlapping atoms) atomicity. A list 
of constraints used in protein crystallography can be found in the rel-
evant section of volume F of the international tables on crystallography. 
Application of these constraints thus avoids the common problem 
whereby optimization programs become trapped in local minima.

The application of constraints can be viewed as projections in the 
N-dimensional space. Recall that the support S is defi ned as the set of 
points for which the density is nonzero. For example, application of the 
support constraint Ps corresponds to setting many pixels to zero, that 
is, to projecting onto a space of lower dimension. For the Fourier 
modulus constraint, we note that Parseval’s theorem ensures that dis-
tances in the N-dimensional real space are equal to those in a similar 
N-dimensional space of Fourier coeffi cients. Consider an Argand 
diagram for a particular Fourier component, for which the modulus 
constraint restricts solutions to a circle, whose radius is given by the 
measured value of the Fourier modulus. An estimate provided by the 
algorithm (e.g., outside this circle) must be projected (by operator Pm) 
onto the nearest point on the circle, along a line that will pass through 
the origin. (This corresponds to the numerical process during one itera-
tion of retaining the current phase estimate, but replacing the magni-
tude with the measured magnitude, in the HIO algorithm.) Since the 
linear addition of two vectors terminating on the circle does not 
produce a third that terminates on the circle, the modulus constraint 
is not convex. Note, however, that the addition of two vectors of arbi-
trary length but equal phase produces a new complex number with the 
same phase, so that a knowledge of phase is a convex constraint, and 
thus more powerful than a knowledge of amplitudes. The identity 
operation I is also useful, and a refl ector operation Rs = 2Ps − I can be 
defi ned, which reverses the sign of the density outside the support S. 
Using these operators, all the iterative algorithms can be represented 
simply and analyzed as alternating projections onto convex (and non-
convex) sets (POCS). In this context, we may defi ne these more limited 
projections as “projectors,” which takes a given vector R to the nearest 
point of a nearby constrained set (usually on its boundary). Then

1. The error-reduction (ER) (Gerchberg–Saxton) algorithm may be 
written

ρ(n+1) = PsPmρ(n)

2. The charge-fl ipping (CF) algorithm may be written

ρ(n+1) = RsPmρ(n)

3. The hybrid input–output (HIO) algorithm may be written

ρ(n+1)(r) = Pmρ(n)(r) if r ∈ S

ρ(n+1)(r) = (I − β)Pmρ(n)(r) if r ∉ S

4. The averaged successive refl ections (ASR) algorithm may be 
written

ρ(n+1) = 0.5(RsRm + I)ρ(n)
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Similar descriptions of the difference map method (Elser, 2003), the 
hybrid projection refl ection (HPR) (Bauschke et al., 2002), and the 
relaxed averaged alternating refl ectors (RAAR) (Luke, 2005) have been 
given. For β = 1, the HIO, HPR, ASR, and RAAR algorithms are identi-
cal. A comparison of the performance of all of these, together with the 
powerful shrinkwrap algorithm (HIO with dynamic support) and 
simple geometric representations of the trajectory of the error metric 
for few-dimensional cases, can be found in Marchesini (2006).

Using this approach, it has also been shown that the HIO algorithm 
is equivalent to the Douglas–Rachford algorithm, and is related to clas-
sical convex optimization methods (Bauschke et al., 2002). The text by 
Stark (1987) is recommended as a tutorial introduction to this large 
subject.

7 Coherence Requirements for CDI: Resolution

It is readily shown (Spence et al., 2004) that the lateral or spatial coher-
ence requirement for diffractive imaging is, in one dimension, that the 
coherence width Xc ∼ λ/θc be at least equal to twice the largest lateral 
dimension W of the object. (This is similar to the requirement in crys-
tallography that Xc exceed the dimensions of a primitive unit cell to 
avoid overlap of Bragg beams, with beam divergence θc. For phasing 
by the oversampling method, this cell must be about twice as large as 
the molecule.) This fi xes the incident beam divergence and hence the 
exposure time for a given object size and source. Since at the unaper-
tured diffraction limit (Θ = 90°) the resolution is approximately equal 
to the wavelength and about two pixels are required per resolution 
element, a total of about (4Xc/λ)2 image pixels would be needed for a 
coherence width Xc and oversampling factor 2. Physically, this just 
means that the coherence patch must include the “known” region of 
vacuum (zero density) surrounding the object boundary (support). It 
is necessary to diffract coherently from an area twice as large as the 
isolated object of interest.

The temporal coherence length Lc is also important. For a fi eld of 
view W at the object (so that the fi rst oversampling point occurs at 
scattering angle λ/W) and fi nest (bandlimited) object spatial frequency 
d−1, the optical path difference between points on opposite sides of the 
object and a distant detector point is W sin θ = Wλ/d, which should not 
exceed the longitudinal coherence length for X-rays Lc = λE/∆E. Hence 
the fractional energy spread allowable in the beam to record spatial 
frequency d−1 is E/∆E > W/d = N, where d is the sampling interval 
in the object and N the linear number of pixels needed to sample 
the object space in the HIO algorithm. A more detailed calculation, 
considering the shape of the temporal coherence function, gives the 
requirement on longitudinal coherence as about E/∆E > N/3, which 
improves on the estimate in Spence et al. (2004). This determines the 
quality of the monochromator needed. In practice values of E/∆E = 500 
have yielded good results in soft X-ray work using CCD detectors with 
N2 pixels, where N = 1024. Then the in-line arrangement of a simple 
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zone-plate monochromator can be used (Howells et al., 2002). For CDI 
using electron beams, the coherence requirements are easily met for 
the nanostructures of most interest. We note that the drive for higher 
resolution, for a fi xed number of object pixels, reduces the demand on 
coherence. The number of pixels, especially in tomography, is likely to 
be limited by computer processing power to less than 10243 in the 
medium-term future, as discussed below.

It is important to devise a consistent defi nition of resolution in CDI. 
Each spatial frequency u = d−1 = θ/λ in the object diffracts energy at 
scattering angle θ into the far fi eld. Consider a square area detector 
used for diffractive imaging for which the largest scattering angle into 
the midpoint of the side of the detector (not the corner) is θmax. Then, 
in the small angle approximation, this angle defi nes a cutoff in the 
“transfer function” (see below) at umax = θmax/λ, and the full period of 
the corresponding fi nest periodicity in the object that can be recon-
structed is dmin = λ/θmax = 1/umax. This value of dmin has frequently been 
quoted as the resolution limit in CXDI. However, while it is a most 
important experimental parameter, it fails to consider the accuracy of 
the phasing process, and is not equal to the corresponding Rayleigh 
resolution limit. There are other considerations, which we now 
discuss.

The Rayleigh resolution limit was intended for the imaging of binary 
stars, which are incoherent point sources, unlike the phase contrast 
usually important for CXDI. If we do nevertheless wish to apply the 
Rayleigh condition to this situation, we may consider that the CXDI 
area detector in the far fi eld plays the role of a square aperture in the 
back-focal plane of an ideal lens. The numerical aperture imposed on 
the reconstruction is then θmax, and, if the reconstruction is perfect (no 
errors in phasing), the image will be given by the ideal object charge 
density convoluted with a sinc function amplitude (the impulse 
response for linear imaging), whose full width at half maximum is 
dmin/2 = 0.5/umax. (The distance between fi rst minima is dmin. For a cir-
cular area detector the factor 0.5 becomes 0.61—the square detector 
does slightly better because of contributions from the corners.) Thus 
our adapted “Rayleigh resolution” is half the fi nest spatial periodicity, 
and is therefore equal to the sampling interval needed in real space for 
linear phase-contrast imaging, to avoid loss of information. Two 
samples are needed for every full periodicity in the object. (For an 
incoherent imaging model the impulse response becomes a sinc 
squared function, for which a sampling interval of dmin/4 is needed, 
since the autocorrelation of the transform of the sinc squared function 
is a triangular function, doubling the bandwidth and resolution, as 
pointed out in Rayleigh’s original paper.) For a lens-based system with 
aberrations, the factor 0.5 depends on the aberrations of the lens, but 
takes its minimum value for the diffraction-limited CXDI case.

There are two further considerations. For phase contrast, the ability 
to distinguish adjacent small objects will depend on the phase shift 
each introduces, and thus the resolution becomes a property of the 
sample, not only of the instrument. It is then impossible to defi ne reso-
lution in a meaningful sample-independent manner. In coherent optics, 
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this problem is partly addressed by introducing the concept of a lens 
coherent transfer function (CTF). Such a function has been introduced 
in a way that also tests the reliability of the phasing process in an 
excellent recent proposal by V. Elser for a resolution defi nition for 
CXDI. The algorithm is repeatedly run to convergence, each time start-
ing with a different set of random phases. The results for image con-
trast are plotted as a function of spatial frequency, showing, if noise is 
not too severe, a relatively smooth curve that falls to zero at some umax. 
(If the phasing process fails, the average of these many runs will be 
zero at each spatial frequency.) The resolution is then 0.5/umax if a 
square detector is used. This appears to be the best current defi nition 
of resolution for CXDI; however, it ignores the dependence of resolu-
tion on sample properties for phase contrast.

For a known object, the faithfulness of the reconstruction may be 
indicated by a cross-correlation function between the reconstructed 
estimate and the known object, or crystallographic R-factor, as dis-
cussed in detail elsewhere (Spence et al., 2003a). For an unknown 
object, the ER error metric ε defi ned in Eq. (10) has been shown by 
computational trials against known objects to vary monotonically with 
a cross-correlation function (Fienup, 1997). The best resolution achieved 
in CXDI is currently about 8 nm.

8 Computer Processing Demands

While noise-free data converge in a few iterations, several hundred 
iterations of the HIO algorithm are typically needed for convergence 
of good quality two-dimensional experimental data, or several thou-
sand if many data are missing in three dimensions. Computer process-
ing power can therefore impose serious limitations on CXI, especially 
for tomography. Recall that for an area detector of linear pixel dimen-
sion N, the ratio of largest to smallest feature size is N/2. In many cases 
we wish to obtain phase-contrast images of a real object, so that sample 
thickness is limited by the need to avoid spatial variations in absorp-
tion, which would lead to the possible complications of complex object 
restoration. (For CXDI, avoiding a beam energy near an inner-shell 
ionization edge may therefore be important.) A second limit on thick-
ness may be set by the need to satisfy the weak-phase object condition, 
or avoid extinction effects, both of which introduce multiple scattering 
and a complex object. [The inversion of Eq. (1) for ∆np is also referred 
to as the phase unwrapping problem.] Fixing this limiting thickness 
and N for a data cube then fi xes the lowest resolution and largest fi eld 
of view possible.

For N = 1024, a double-precision complex N3 array occupies 16 giga-
bytes, and three or four of these must be accessible directly in RAM 
(plus a single-bit array for the support mask) to perform HIO iterations. 
For the Mac G5, a single fast Fourier transform (FFT) on this array takes 
about 1 min with the FFTW routine, although it is not possible to store 
suffi cient data in RAM at present to work with a single processor, and 
hard disk transfers are prohibitively time consuming. Clusters of 16 
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dual processor G5 machines with TCP gigabit ethernet or Infi niband 
appear to be ideal, when times of approximately 15 and 7 s per iteration, 
respectively, are achieved for complex 1K × 1K × 1K arrays (Barty, 2005). 
Many procedures may be used to reduce the total data processing time. 
For example, working with some low-resolution 5122 projections 
selected from the three-dimensional data set can provide useful support 
estimates using the two-dimensional shrinkwrap algorithm, before 
attempting full three-dimensional Fourier iterations. Thus overnight 
(or longer) computing times must be expected for tomographic CDI in 
the near future. Once the three-dimensional data set has been phased 
and transformed to real space, a variety of commercial tomographic 
viewing programs can be used to present the data, making it possible 
to “see inside” a nanostructure, such as a cell or metallic foam.

9 Summary

The past decade has been an exciting time for diffractive imaging. In it, 
we have seen the fi rst successful applications of the phasing algorithms 
developed in the 1980s to experimental data, together with the develop-
ment of many new algorithms, ideas, and stimulating intellectual dis-
cussion at workshops and conferences. The interdisciplinary nature of 
the subject has been striking and exciting. Experimental results have 
appeared for phase-contrast imaging by neutrons (Nugent, 2003), elec-
trons (Weierstall et al., 2001), electrons at atomic resolution (Zuo et al., 
2003), and X-rays in both two and three dimensions (Miao et al., 1999, 
2002; Chapman et al., 2006). Applications of the method have been 
slower to develop, but already both in materials science and biology it 
is clear that the power of imaging inside nanostructures (going beyond 
the projection approximation) in three dimensions presents an exciting 
prospect for the future. Preliminary applications of phase-contrast X-
ray imaging at lower resolution have included the imaging of nano-
structures within composite materials, mesoporous silicates and foams, 
and the imaging of crack tips (Salvo et al., 2003). Bone is also of interest, 
since it consists of 20-nm nanocrystals of hydroxyapatite in a labyrin-
thine structure. There is every reason to suppose that the pursuit by 
tomographic CXDI imaging of these type of materials to higher resolu-
tion will be possible and of great interest to scientists. Using medium 
energy X-rays, the imaging of much thicker material should be possible 
than that studied by tomographic electron microscopy in materials 
science (Midgely et al., 2001). For CDI by electron diffraction in materi-
als science the limiting problem is the method of sample support in the 
microscope. One obvious solution is to use a thin crystal of known 
structure (such as graphite) as the physical supporting membrane for 
the nanostructure. Then the known atom positions of the graphite may 
be used instead of the zero-density region in the HIO iterations. (This 
allows a connection with the phasing method of fragment completion 
in crystallography—the graphite atoms provide a kind of reference 
structure in projection.) Experiments along these lines are in progress. 
In biology, the situation will be clarifi ed only when careful studies 
of radiation damage by spot-fading and other methods have been 
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completed. These are needed to determine the domain of applicability 
of the CXDI method in comparison with other microscopies. Figure 
19–6 shows a plot dose against resolution. The domain of applicability 
of many microscopies is discussed on this fi gure (and on plots of resolu-
tion against thickness) by Howells et al. (2005), showing the niche for 
CXDI. Whole cell imaging has been pursued with both the zone-plate 
X-ray microscope and by cryoelectron microscopy, where, using the 
latter technique, a resolution of about 2 nm is possible in samples up to 
100 nm thick or more. It seems likely that radiation damage will prevent 
competitive performance by CXDI; however, the method may provide 
useful images at perhaps 5 nm resolution in much thicker samples 
using medium energy X-rays in an environment of vitreous ice. The 
optimum choice of X-ray energy involves many issues, including the 
variation of synchrotron undulator brightness with beam energy and 
the variation in phase contrast with beam energy. While the coherent 
fl ux B available for a given synchrotron source brightness varies as λ2, 
the required fl uence (from the X-ray cross section) A scales as λ−2, so that 
the recording time A/B varies as λ−4 in a most unfavorable manner as 
X-ray beam energy increases. The dose in Grays needed to scatter a 
given number of photons into a voxel varies inversely as the fourth 
power of the resolution in tomography. An analysis of the variation of 
dose against resolution for several microscopies including CDI can be 
found in Marchesini et al. (2003a). Here the statistical demands of good 
imaging (based on the Rose equation) are compared with the maximum 
tolerable dose for a given resolution for single-particle imaging.

In summary, the demand for higher resolution three-dimensional 
noninvasive imaging with old and new radiation sources continues 
unabated in both materials science and biology, and it seems clear 
now that diffractive imaging will soon be able to make a decisive 
contribution.

Spectacular 25 femtosecond single-shot images have just been 
obtained at DESY by CXDI using 30 nm X-rays from a free-electron laser 
with 90 nm spatial resolution (H. Chapman et al., Nature, 2006, in 
press). It is clear that diffractive imaging will play a major role in future 
time-resolved imaging efforts.
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20
The Notion of Resolution
S. Van Aert, Arnold J. den Dekker, D. Van Dyck, and A. Van den Bos

1 Introduction

In microscopy, resolution has always been, and still is, an important issue. 
Since it is not an unambiguously defi ned physical quantity, it is interpreted 
in many ways (den Dekker and van den Bos, 1997). The purpose of this 
chapter is, on the one hand, to briefl y review past and existing resolution 
defi nitions and methods, and, on the other hand, to present alternative 
quantitative defi nitions of resolution based on model fi tting. Throughout 
this chapter, emphasis will be placed on electron microscopy.

Using model fi tting, the resolution will principally be discussed in 
terms of the precision with which unknown quantities, atom positions 
in particular, can be measured. It will be shown that a precision of the 
order of 0.01 Å is in principle possible even with an electron microscope 
that is not corrected for spherical and chromatic aberration. Once atom 
positions can be measured with a precision of 0.01 Å they can be used 
as input data for theoretical ab initio calculations (Muller, 1998, 1999; 
Spence, 1999; Kisielowski et al., 2001b). Such calculations make it pos-
sible to calculate the properties of a material with a given structure. In 
this way, the combination of precise experimental structure determina-
tion and theoretical calculations contributes to the understanding of 
the properties–structure relation. A complete understanding of this 
relation, combined with recent progress in building materials atom by 
atom, will enable materials science to evolve toward materials design, 
that is, from describing and understanding toward predicting materi-
als with interesting properties (Wada, 1996; Olson, 1997, 2000; Reed and 
Tour, 2000; Browning et al., 2001).

The detailed outline of the sections in this chapter is as follows. In 
Section 2, classical two-point resolution criteria are discussed. The 
most widely known classical resolution criterion is that of Lord 
Rayleigh. The Rayleigh criterion is derived from the assumption that 
the human visual system needs a minimal contrast to discriminate two 
points in its composite intensity distribution. Other classical criteria 
can be seen as modifi ed versions of Rayleigh’s criterion. The classical 
criteria are expressed in terms of the width of the point spread function 
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of the imaging instrument. Section 3 discusses resolution in the spatial 
frequency domain, addressing literature relating linear systems theory 
to resolution. In this section, the diffraction limit to resolution and its 
relation to the classical resolution criteria are introduced. Furthermore, 
the notion of superresolution is discussed. It will be shown that to 
attain superresolution, prior knowledge is required. In Section 4, deter-
ministic model-based resolution is considered. Here, prior knowledge 
is taken into account in the form of a parametric model. However, the 
images are supposed to be noise free. The unknown parameters, such 
as the positions of projected atoms, are measured by means of model 
fi tting. Then, in Section 5, statistical model-based resolution is studied. 
It is taken into account that the observations fl uctuate about their 
expectations due to the unavoidable presence of electron counting 
noise in the images. The parameters are measured by means of model 
fi tting using parameter estimation methods. Hence, statistical model-
based resolution is discussed in terms of the precision with which the 
parameters can be estimated. Finally, in Section 6, ultimate model-
based resolution is contemplated. It is shown that depending on the 
observations, the solutions of the position estimates may be exactly 
coinciding. Section 7 includes a discussion and conclusions.

2 Classical Two-Point Resolution

Two-point resolution is a widely used criterion for the resolving capa-
bilities of an imaging system. It is defi ned as the system’s ability to 
resolve two point sources of equal brightness. Due to the fi nite size of 
the system’s optical components, a point source is not imaged as a point 
but as the diffraction pattern of the system’s effective aperture. This 
diffraction pattern therefore represents the system’s point spread func-
tion. In astronomical problems, two-point resolution is more than just 
a resolution measure. It has direct practical signifi cance, since in astro-
nomical problems many objects are effectively point sources.

2.1 Rayleigh Resolution

The most widely used criterion for two-point resolution is that of Lord 
Rayleigh (Strutt, 1899). Rayleigh estimated the minimal resolvable dis-
tance between two points of equal brightness that are imaged by a 
diffraction-limited imaging system. According to the Rayleigh crite-
rion, two point sources are just resolved if the central maximum of the 
diffraction pattern generated by one point source coincides with the 
fi rst zero of the diffraction pattern generated by the second. This means 
that Rayleigh’s resolution limit is given by the distance between the 
central maximum and the fi rst zero of the point spread function of the 
imaging system. The criterion can be generalized to include point 
spread functions that have no zero in the neighborhood of their central 
maximum, by taking the resolution limit as the distance for which the 
intensity at the central dip in the composite image is 81% of that at the 
maxima on either side. This corresponds to the original Rayleigh limit 
for a rectangular aperture.
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For example, let us consider the Rayleigh limit, or alternatively, the 
point resolution, of an imaging system with a (two-dimensional) Gauss-
ian point spread function of the following form:
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where r is the absolute value of the two-dimensional vector r = (x y)T 
and ρ is the width of the Gaussian function. The superscript T denotes 
transposition. According to Rayleigh, the point resolution ρp, which is 
the smallest distance at which two points can be resolved, is given by 
the requirement that the value of the cross section of the composite 
intensity distribution halfway between these two points is about 0.8 
times the value at the maxima. Thus
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0 8
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from which it follows that

 ρ ρp ≈ 2 2  (3)

2.2 Sparrow Resolution

Rayleigh’s choice of resolution limit is based on presumed resolving 
abilities of the human visual system. Since Rayleigh’s days, several other 
resolution criteria have been proposed that are similar to Rayleigh’s (for 
a review, refer to den Dekker and van den Bos, 1997). A notable example 
of such so-called classical criteria for two-point resolution is that of 
Sparrow (1916). Compared to Rayleigh resolution, which is based on 
presumed capabilities of the human visual system, the Sparrow resolu-
tion is based on a less subjective criterion that is valid for a hypothetical 
perfect imaging instrument. It states that the smallest resolvable dis-
tance between two points is the point at which the minimum in the 
composite image intensity distribution just disappears. When this defi -
nition of resolution is applied to an imaging system with a Gaussian 
point spread function, it follows from Eqs. (1) and (3) that,

 ρ
ρ

s
p≈

2

2
 (4)

From the examples given in this section, it can be noted that classical two-
point resolution criteria are expressed in terms of the width of the point 
spread function of the imaging instrument. A narrower point spread 
function corresponds to an improved Rayleigh or Sparrow resolution.

3 Resolution in the Spatial Frequency Domain: 
Diffraction Limit and Superresolution

3.1 The Diffraction Limit

In the previous section, classical resolution criteria have been dis-
cussed. An alternative resolution criterion is based on linear systems 
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theory. It is assumed that the imaging system is linear and shift invari-
ant. Coherent imaging systems are linear in complex amplitude and 
incoherent imaging systems are linear in intensity. The characteristics 
of a shift-invariant linear imaging system are defi ned by its point 
spread function, or, equivalently, by its transfer function, which is the 
Fourier transform of the point spread function. Point spread functions 
are more directly useful in the assessment of telescopes or spectro-
scopic instruments. Transfer functions, on the other hand, are more 
often used in the case of microscopes and cameras. The amplitude 
(coherent imaging) or intensity (incoherent imaging) distribution in 
the image produced by a linear and shift-invariant system is the con-
volution of the amplitude (or intensity) distribution of the object and 
the amplitude (or intensity) point spread function of the imaging 
system. For the spatial frequency domain, the imaging system acts as 
a fi lter for spatial frequencies. Each spatial frequency is transferred 
from the object to the image plane independently of all other frequen-
cies present; the corresponding amplitude (coherent imaging) or inten-
sity (incoherent imaging) is multiplied by the transfer function, or 
frequency response function, of the system. Due to the fi nite size of 
the system’s aperture, transfer functions of (both coherent and incoher-
ent) imaging systems are band limited, i.e., they are equal to zero for 
all frequencies above a certain cutoff frequency. Born and Wolf (1999) 
discuss the more general class of partially coherent imaging systems 
and show that these systems are also strictly band limited. Therefore, 
independent of the degree of coherence, spectral components beyond 
the cutoff frequency are not transferred by the imaging system. 
For this reason, the cutoff frequency is called the diffraction limit to 
resolution.

3.2 The Diffraction Limit and Its Relation to Rayleigh and 
Sparrow Resolution

The diffraction limit, or equivalently, the cutoff frequency, is related to 
the Rayleigh resolution. This can been seen as follows. It is well known 
that a narrow function has a broad Fourier transform and vice versa. 
Therefore a point spread function with a narrow main lobe corre-
sponds to a transfer function with a high cutoff frequency. In fact, the 
product of the Rayleigh limit and the cutoff frequency is a constant 
that is close or even equal to one. For example, this constant is equal 
to 1 and 1.22 for incoherent imaging systems with a rectangular and a 
circular aperture, respectively.

As mentioned above, transfer functions of practical imaging systems 
are strictly band limited (due to the fi nite size of the system’s aperture). 
In this work, it will often be assumed that the point spread function of 
the imaging systems under study can be described by a Gaussian func-
tion, such as (1). This assumption is made so as to keep calculations 
simple. The transfer function of the imaging system of which the point 
spread function is described by Eq. (1) is given by the two-dimensional 
Fourier transform of Eq. (1):

 P(g) = exp(−2π2ρ2g2) (5)
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where g is the absolute value of the two-dimensional spatial frequency 
vector g. Although this transfer function tends to zero for increasing 
frequency values, it is not strictly band limited. Nevertheless, the 
Gaussian approximation is suffi ciently accurate for the purpose of this 
chapter. From the condition that the product of the Rayleigh resolution 
limit and the cutoff frequency should approximately be equal to one, 
it follows from Eq. (3) that the cutoff frequency corresponding to 
Rayleigh resolution is

 gp
p

= ≈1 1

2 2ρ ρ
 (6)

At that spatial frequency the modulus of the transfer function, which 
is given by Eq. (5), is reduced to only 8%. Thus, for Gaussian point 
spread functions as described by Eq. (1), the Rayleigh resolution limit 
can also be defi ned as the inverse of the spatial frequency for which 
the transfer function is reduced to 8% of its peak value.

The diffraction limit and its relation to Rayleigh and Sparrow resolu-
tion will now be discussed for conventional transmission electron 
microscopy (TEM). Thus far, only the diffraction limited point spread 
function of the imaging instrument has been taken into account. 
However, for electron microscopy, this should be extended to include 
the point spread function describing the effect of thermal vibrations of 
the atom, the effect of the environment, and the detector (de Jong and 
Dyck, 1993). Moreover, it has to be noted that the atoms are not point 
scatterers. Hence, an extension from points to objects of fi nite size has 
to be made. As shown in Figure 20–1, each effect contributing to the 
imaging process can be represented by a transfer function, which acts 
as a low pass fi lter. The transfer function of the electron microscope 
consists of a damping function, which is mainly due to chromatic aber-
ration, and a phase shift, which causes the oscillations. Since there are 
many ways to get rid of the oscillations, such as focal series reconstruc-
tion (Schiske, 1973; Saxton, 1978; Van Dyck and Coene, 1987; Van Dyck 
et al., 1993; Coene et al., 1996; Thust et al., 1996) and correction of the 
spherical aberration (Rose, 1990), the Rayleigh resolution of the electron 
microscope can be assumed to be given by the so-called information 
limit, which is proportional to the inverse of the highest spatial fre-
quency that is still transferred with appreciable intensity. For simplic-
ity, it will fi rst be assumed that the imaging process is linear. This 
requires that the interaction between the electron and the object also 
is linear, which means that there is a simple linear relation of the elec-
tron exit wave and the projected electrostatic potential. The electron exit 
wave is a complex wave function in the plane at the exit face of the 
object, resulting from the interaction of the electron beam with the 
object. For example, the imaging process of weak phase objects, for 
which the so-called weak phase object approximation holds (Buseck 
et al., 1988), may be considered to be linear. If the object is a crystal, 
viewed along a zone axis, the electrostatic potential of all the atoms 
along the atom column is superimposed, which makes the interaction 
very strong and highly nonlinear. In that particular case, due to the 
focusing effect of the successive atoms, the scattering is increased to 
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higher angles. This effect is explained by the channeling theory (Howie, 
1966; Van Dyck et al., 1989; Pennycook and Jesson, 1991; Van Dyck and 
Chen, 1999). However, for amorphous objects, the atoms are stacked in 
a disordered fashion, so that in projection their cores do not overlap, 
except by coincidence. As a result, the interaction remains linear for 
much larger object thicknesses and may be described by the weak 
phase object approximation. If the imaging is linear, all transfer func-
tions have to be multiplied, or, equivalently, the point spread functions 
have to be convolved. If it is assumed that all constituent point spread 
functions are Gaussian, such as in Eq. (1), the resulting function is a 
Gaussian as well, with a Rayleigh resolution ρp determined by

 ρ2
p = ρ2

A + ρ2
T + ρ2

EM + ρ2
v + ρ2

D (7)

with ρA the “width” of the electrostatic potential of the atom, ρT the 
Rayleigh resolution limited by thermal vibrations of the atom, ρEM the 
Rayleigh resolution of the electron microscope, ρv the Rayleigh resolu-
tion limited by the environment (vibrations and stray fi elds), and ρD 

Figure 20–1. Transfer functions of the different subchannels of electron 
microscopic imaging.
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the Rayleigh resolution limited by the detector. Today, for the best 
electron microscopes, ρEM is somewhat below 1 Å (O’Keefe et al., 2001; 
Kisielowski et al., 2001a; Batson et al., 2002a). In future instrumental 
developments the Rayleigh and Sparrow resolution can be improved 
by improving the resolutions of all different subchannels. However, a 
factor that cannot be improved is ρA, that is, the intrinsic “width” of 
the atom itself. It is important to note that beyond a certain point, it 
will be useless to further improve the Rayleigh resolution of the elec-
tron microscope since the transfer at high spatial frequencies is limited 
by the scattering factor. It is already diffi cult to fi nd suitable objects 
that can be used to demonstrate the true Rayleigh resolution ρEM of an 
electron microscope. Consider, for example, amorphous silicon. From 
Figure 20–1, it follows that ρA is about 1 Å. Therefore, for the best elec-
tron microscopes, it follows from Eq. (7) that for amorphous silicon

 ρp ≈ 1 Å (8)

and from Eq. (4) that

 ρs ≈ 0.7 Å (9)

From this example, it can be concluded that for the best electron micro-
scopes, the atoms themselves limit classical resolution criteria and 
hence the diffraction limit. However, it should be noted that the discus-
sion of Rayleigh resolution and the diffraction limit is far more com-
plicated in case of nonlinear electron–object interaction, for example, 
in the case of atom columns viewed along the column direction. It will 
then also depend on the assumptions regarding the scattering of the 
electrons on their way through the object. Furthermore, for coherent 
imaging, such as in TEM, Goodman (1968) has shown that the Rayleigh 
resolution will depend on the “phase distribution” associated with the 
object. Depending on the relative phase associated with two atoms or 
atom columns, the central dip in the composite image will be absent 
or present. For particular values of the relative phase shift, the dip will 
even be greater than the dip corresponding to an incoherent image of 
these two atoms or atom columns. From this example, it can be con-
cluded that there is no simple generalization as to which type of 
imaging, coherent or incoherent, is preferred in the sense of Rayleigh 
resolution. So the assumption that incoherent imaging, for example 
scanning transmission electron microscopy (STEM), will yield a 
“better” resolution than coherent imaging, for example, TEM, is in 
general not valid.

In the remainder of this chapter, it will be shown that by using super-
resolution algorithms, frequency components lying beyond the diffrac-
tion limit of the imaging system may be reconstructed. Then, other 
defi nitions of resolution are of interest.

3.3 Superresolution

Superresolution refers to reconstructing frequency components that lie 
beyond the cutoff frequency of the imaging system. At fi rst sight, 
superresolution seems impossible. Knowledge of the system’s transfer 
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function makes it possible to reconstruct the object spectrum within 
the passband of the imaging system by means of inverse fi ltering of 
the image spectrum, but frequency components beyond the diffraction 
limit seem irrevocably lost. Indeed, in the absence of any restriction as 
to the nature of the object, there are an infi nite number of objects that 
can produce the same image. Under certain conditions, however, super-
resolution is possible. The key to superresolution is prior knowledge. 
For example, suppose that it is known that the object is of fi nite size, 
that is, it is nonzero only in a region of fi nite extent. This single condi-
tion guarantees that the object spectrum is analytic. A well-known 
property of an analytic function is that if it is known over a specifi ed 
interval, it can always be reconstructed in its entirety (Castleman, 
1979). This process of reconstruction is called analytic continuation. It 
can be shown that this method is perfect in theory. If the images are 
noise free, it leads to an exact and complete reconstruction of the object 
spectrum (Harris, 1964). However, noise limits its practical use (Frieden, 
1967). Nevertheless, many effective superresolution algorithms (digital 
image processing methods) have been proposed in the literature [for a 
review, see Frieden (1975), Hunt (1994), and Meinel (1986)]. Both empir-
ically and theoretically, it has been shown that there are certain neces-
sary conditions to be satisfi ed by a superresolution algorithm to be 
successful (Hunt, 1994). First, the algorithm should explicitly utilize a 
mathematical description of the image formation process that relates 
object and image via the point spread function of the imaging system. 
Second, the images should be suffi ciently oversampled to avoid alias-
ing after reconstruction of spatial frequencies beyond the diffraction 
limit. For Nyquist sampled images (Gonzalez and Woods, 2002), the 
algorithm should contain some suitable form of interpolation. Last, but 
not least, the algorithm should contain prior knowledge of the object. 
Examples of such prior knowledge used by superresolution algorithms 
include the following:

• Finite extent of the object (as discussed above) (e.g., Harris, 1964; 
Gerchberg, 1974, 1989).

• Positivity of the object (e.g., Schell, 1965; Biraud, 1969; Walsh and 
Nielsen-Delaney, 1994).

• Upper and lower bounds on the object intensity (e.g., Janson et al., 
1970).

• Object statistics (e.g., Frieden, 1980; Hunt and Sementilli, 1992).
• Parametric model of the object.

Obviously, the performance of any superresolution algorithm will be 
limited by noise. In the remainder of this chapter, we will assume that 
the available prior knowledge of the object to be reconstructed consists 
of a parametric model. Then, superresolution can be achieved by com-
puting the relatively small number of unknown parameters character-
izing the object from the available observations. In electron microscopy 
these observations may be electron counting results made at the pixels 
of a CCD camera. The image reconstruction problem thus becomes a 
parameter estimation problem. For example, in the case of two-point 
resolution, the object can be described by a two-component model 
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parametric in the locations of the point sources. Hence, if the point 
spread function is known, a parametric model of the composite image 
of the two-point sources can be derived. By fi tting this model to the 
image optimizing some criterion of goodness of fi t, we obtain esti-
mates of the parameters of the model. For a correct model, in the 
absence of noise, and apart from potential computational problems 
that will be discussed in Section 4, this would result in a perfect 
fi t. That is, the object parameters can be estimated with unlimited 
precision so that the object can be reconstructed perfectly. This means 
that there would be no limit to resolution no matter how closely the 
point sources are spaced. However, in practice it is noise that limits 
the accuracy and precision with which parameters can be measured 
and therefore limits the resolution. This will be the subject of Sections 
5 and 6.

4 Deterministic Model-Based Resolution

Classical resolution criteria disregard the possibility of using prior 
knowledge to extract analytic results from observations by means of 
model fi tting (den Dekker and van den Bos, 1997). In this section, prior 
knowledge is taken into account in the form of a model describing the 
observations. Thus far, the observations are assumed to be noise free. 
Compared to Section 2, the model will be extended from two-peak 
models to one or more-peak models. Instead of classical resolution, we 
will speak of deterministic model-based resolution. It will be shown that 
the relevant limits to deterministic model-based resolution are in any 
case computational. However, if the model is inaccurate, which means 
that it systematically deviates from the exact noise-free observations, 
it will be shown that the relevant limits are both computational and 
fundamental.

Imagine that Lord Rayleigh would image stars today. First, the image 
of one star, which can be treated as a point object, will be considered. 
Now, there exists a model for the object, namely that it consists of a 
point. The point spread function of the telescope is also exactly known. 
So, it is known how an image of one star should look like. Thus, there 
is no interest in the detailed form of this image, but only in the position 
of the star. The only objective of the experiment is to determine this 
position. Obviously, in the absence of noise, numerically fi tting the 
known one-peak model to the image with respect to the position 
parameter would result in a perfect fi t. The resulting solution for this 
location would be exact, and despite the blurring effect of the point 
spread function, it imposes no limit to location resolution.

This line of reasoning can be extended to position measurements of 
atoms or atom columns from noise-free electron microscopic observa-
tions. Suppose that these observations λkl are made at the pixels (k, l) 
at the position (xk yl)T. The model that describes these observations is 
called fkl(τ) with τ the vector of unknown parameters, among which 
are the locations of the atoms or atom columns. An example of such a 
model is the following:
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where ζ is the constant background, ηn is the column-dependent height 
of the Gaussian peak, ρ is the width of the Gaussian peak, nc is the total 
number of atom columns, and βxn and βyn are the x- and y-coordinate 
of the nth atom or atom column, respectively. The width ρ is supposed 
to be identical for different atom columns. The parameter vector τ is 
equal to (βx1  .  .  .  βxnc βy1  .  .  .  βync η1  .  .  .  ηnc ρ ζ)T and contains R = 3nc + 2 
elements. The unknown parameters can be measured by fi tting the 
model to the observations. In a sense, we are then looking for the 
optimum value of a criterion in a parameter space whose dimension is 
equal to R, that is, the number of parameters to be measured. Each 
possible combination of the R parameters can be represented by a point 
in an R-dimensional space. The search for the global optimum of the 
criterion of goodness of fi t in this space is an iterative numerical opti-
mization procedure.

The problem may be of a computational kind. The existing optimiza-
tion methods fail if the dimension of the parameter space is so high 
that it is not possible to avoid ending up at a local optimum instead of 
at the global optimum of the criterion of goodness of fi t, so that the 
wrong structure is derived. To solve this dimensionality problem, that 
is, to fi nd a pathway to the global optimum, a good starting structure 
is required, that is, initial conditions should be available for the param-
eters. For example, neighboring atoms or atom columns should be 
discriminated in an image. In other words, the structure has to be 
resolved. This corresponds to X-ray crystallography, where it is fi rst 
necessary to resolve a structure by using, for example, direct methods, 
and afterward to refi ne the structure. Moreover, the computing time 
needed to reach convergence of the iterative procedure increases with 
the dimension of the parameter space. In the following example, the 
problems related to the study of the amorphous object with atomic 
resolution TEM will be discussed. More details can be found in Van 
Dyck et al. (2003).

Example 1 (Amorphous Object) For an amorphous object, the number of 
parameters increases with thickness. Therefore, from a certain thickness on, it 
will be diffi cult to resolve the structure in projection. For example, consider 
Figures 20–2 and 20–3. In Figure 20–2, the amorphous foil is thin, whereas 
in Figure 20–3, it is thicker. Therefore, the number of projected atoms is larger 
in Figure 20–3 than in Figure 20–2. It is clear that it will be more likely to 
resolve the structure for the example given in Figure 20–2 than for that cor-
responding to Figure 20–3. To resolve the structure, it will be assumed that 
the distances between neighboring projected atom positions should be larger 
than or equal to the Sparrow resolution ρs. The reason for choosing this crite-
rion is that the computer will then be able to distinguish the individual atoms, 
since the observations are assumed to be noise free. However, it should be noted 
that this criterion is not exact and, therefore, it will give only rough guidelines. 
Suppose that the mean concentration of atoms per cubic ångstrom is equal to 
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V. Then, the mean concentration A of projected atoms per square ångstrom is 
given by

 A = Vz (11)

where z is the thickness of the amorphous foil. On the other hand, if it is 
assumed that each projected atom occupies a circle with a diameter equal to 
the average distance d, averaged over distances between nearest-neighbor pro-
jected atoms, then

 A
d

≈
( )

1

2 2π
 (12)

From Eqs. (11) and (12), it follows that the thickness of the amorphous foil is 
approximately given by

Figure 20–2. Amorphous 
structure containing clearly 
separable projected atoms.

Figure 20–3. Amorphous 
structure containing severely 
overlapping projected atoms.
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 z
d V

≈ 4
2π

 (13)

To resolve the structure and therefore to avoid dimensionality problems, it will 
be assumed that the following condition is met:

 d ≥ 2ρs (14)

The factor 2 is arbitrarily chosen. Requiring that d is larger than or equal to 
ρs would not be suffi cient. In that case, a substantial part of distances between 
neighboring atoms would be smaller than ρs and hence it is not possible to 
resolve the structure. In principle, this can still occur if inequality (14) is ful-
fi lled, but the probability that it occurs is lower. Then, it follows from Eqs. (13) 
and (14), that

 z
V

≤ 1
2πρs

 (15)

For amorphous silicon, it follows from Eq. (9) that ρs is approximately equal 
to 0.7 Å and, furthermore, V is approximately equal to 0.05 atoms/Å3. Hence, 
it follows from Eq. (15) that the amorphous silicon foil should not exceed thick-
nesses of the order of 13 Å so as to avoid dimensionality problems. This thick-
ness is rather small, which means that it is unrealistic to expect that atomic 
resolution TEM is able to resolve amorphous silicon samples with realistic foil 
thicknesses from only one projection (Cowley, 2001). It can thus be stated that 
the structure of a realistic amorphous object cannot be determined from one 
image alone. However, the situation can be improved drastically by using a 
tomographic technique in which the sample is tilted and many projections from 
different viewing directions are combined as shown in Figure 20–4. The 
Fourier transform of a projection yields a section through the origin of the 
three-dimensional Fourier space. By combining many different projections, it 
is possible to reconstruct the whole Fourier space (Frank, 1992). In this way 
an ideal microscope can resolve about one atom per cubic ångstrom, which is 
suffi cient to resolve amorphous structures.

In the foregoing, it has been assumed that the model is accurate. 
However, if the model is inaccurate, the estimated position parameters 

Figure 20–4. The principle of tomography.
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may deviate from the true positions, even if the observations would be 
noise free. This is called systematic error. Obviously, systematic errors 
would place fundamental limits on deterministic model-based 
resolution.

In this section, it has been shown that deterministic model-based 
resolution is computationally limited. Computational problems can be 
overcome only if the structure can be resolved. Moreover, if the model 
is inaccurate, the resolution is also fundamentally limited, since this 
results in a systematic error.

5 Statistical Model-Based Resolution

In Section 4, it was assumed that the observations are noise free. 
However, in any real-life experiment, the observations will “contain 
errors.” Then, the resolution depends fundamentally on the signal-to-
noise ratio in the detected image. In this section, the resolution will be 
considered in the framework of statistical parameter estimation theory 
and will be called statistical model-based resolution. It will be shown 
that the relevant limits are both computational and fundamental.

Suppose there is a CCD camera that is able to count the individual 
photons forming the image of a single point object or of two point 
objects. The images as measured by this camera appear as in Figure 
20–5 or as in Figure 20–6 for single or two-point objects, respectively. 
The noise on these images stems from the counting statistics. The posi-
tion parameters can be estimated by numerically fi tting the known 
parameterized mathematical model to the images with respect to the 
component positions, in the same way as expressed in Section 4. 
However, if one repeated this experiment several times, one would, 
due to the statistical nature of the observations, fi nd different values 

Figure 20–5. Simulation experiment of the image of a point as measured by 
a CCD camera (300 × 300 pixels), with pixel size ∆x = ∆y = 1. The point spread 
function used is a two-dimensional normalized Gaussian function p(x, y) as 
in Eq. (1) with ρ = 21. The experimental as well as the expectation values N × 
p(x, y) are shown within the section y = 0. The number of imaging particles N 
is equal to 250,000.
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for the position or the distance estimates for single or two-point objects, 
respectively. The position and distance estimates are statistically dis-
tributed about their mean values. Then, the obvious criterion to quan-
tify statistical model-based resolution is the precision of the estimate, 
which is given by the variance of this distribution, or, by its square 
root, the standard deviation. In a sense, the standard deviation is the 
“error bar” on the position or on the distance. Applying statistical 
parameter estimation theory, the attainable precision can be adequately 
quantifi ed in the form of the so-called Cramér–Rao lower bound (CRLB) 
(van den Bos and den Dekker, 2001). This is a lower bound on the vari-
ance of any unbiased estimator of a parameter. It means that the vari-
ance of different estimators, such as, the least squares or the maximum 
likelihood (ML) estimator, can never be lower than the theoretical 
CRLB on the variance. Fortunately, the ML estimator attains the CRLB 
asymptotically, that is, if the number of observations is suffi ciently 
large. Note that in accordance with the available literature, the CRLB 
on the variance of the position estimate of the image of a single point 
object and the CRLB on the variance of the distance estimate of the 
image of two point objects are measures of what is called single-source 
(Falconi, 1964) and differential (two-source) resolution (Falconi, 1967), 
respectively. Single-source resolution is defi ned as the instrument’s 
capacity to determine the position of a point object that is observed in 
a background of noise. Differential resolution is defi ned as the instru-
ment’s ability to determine the separation of two point objects.

In this section the fl uctuating behavior of the observations will be 
described in Section 5.1 using parametric statistical models of observa-
tions. Next, in Section 5.2, it will be shown how an adequate expression 
for the attainable statistical precision of the parameter estimates, that 
is, the CRLB, can be derived from such a parametric statistical model. 
Then, in Section 5.3, the ML estimator of the parameters will be derived 

Figure 20–6. The results of a computer-simulated image of two neighboring 
points. The experimental as well as the expectation values of the individual 
peaks [N × p1,2(x, y)] are plotted within the section y = 0, where p1,2(x, y) are 
two-dimensional normalized Gaussian point spread functions, as in Eq. (1). 
The number of imaging particles 2N is equal to 500,000. The peaks are clearly 
separable.
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from the parametric model. This estimator is important since it achieves 
the CRLB asymptotically. In Section 5.4, an important purpose for 
which the expressions for the CRLB can be used will be introduced, 
namely, statistical experimental design.

5.1 Parametric Statistical Models of Observations

Generally, due to the inevitable presence of noise, sets of observations 
made under the same conditions nevertheless differ from experiment 
to experiment. The usual way to describe this behavior is to model the 
observations as stochastic variables. The reason is that there is no viable 
alternative and that it has been found to work (van den Bos, 1999; van 
den Bos and den Dekker, 2001). By defi nition, a stochastic variable is 
characterized by its probability density function, while a set of stochas-
tic variables has a joint probability density function.

Consider a set of stochastic observations wm, m = 1,  .  .  .  , M made at 
the measurement points x1,  .  .  .  , xM. These measurement points are 
assumed to be exactly known. In electron microscopy, the observations 
are, for example, electron counting results made at the pixels of a CCD 
camera, where M represents the total number of pixels. The reader 
should not be misled by the fact that the observations and measure-
ment points are here represented in a one-dimensional way. It is 
intended as a general representation. Also if the observations and 
measurement points would be two- or higher-dimensional, they can 
easily be transformed to a one-dimensional representation. For example, 
if the observations and measurement points are two-dimensional, say, 
wkl, k = 1,  .  .  .  , K, l = 1,  .  .  .  , L and xkl, k = 1,  .  .  .  , K, l = 1,  .  .  .  , L, respec-
tively, they can also be represented as wm, m = 1,  .  .  .  , M and xm, m = 
1,  .  .  .  , M, respectively, with M = K × L. The M × 1 vector w defi ned as

 w = (w1  .  .  .  wM)T (16)

is the column vector of these observations. It represents a point in the 
Euclidean M space having w1,  .  .  .  , wM as coordinates. This will be 
called space of observations (van den Bos and den Dekker, 2001). The 
expectations of the observations, that is, the mean values of the obser-
vations, are defi ned by their probability density function. The vector 
of expectations

 E[w] = (E[w1]  .  .  .  E[wM])T (17)

is also a point in the space of observations and the observations are 
distributed about this point. The symbol E[⋅] denotes the expectation 
operator. The expectations of the observations are described by the 
expectation model, that is, a physical model, that contains the unknown 
parameters to be estimated, such as the position coordinates of the 
projected atoms or atom columns. In a sense, this model has fi rst been 
introduced in Section 4 on the understanding that it now describes the 
expectations of the observations whereas in Section 4, the model 
describes noise-free observations. The unknown parameters are 
represented by the R × 1 parameter vector τ = (τ1  .  .  .  τR)T. Thus, it is 
supposed that the expectation of the mth observation is described by
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 E[wm] = fm(τ) = f(xm; τ) (18)

where fm(τ) represents the expectation model, which is evaluated at the 
measurement point xm and which depends on the parameter vector τ. 
Apart from the unknown parameters τ, the expectation model may 
contain known parameters and experimental settings as well. An 
example of an expectation model is given by Eq. (10).

Electron microscopic observations are electron counting results 
detected, for example, with a CCD camera. Under the assumption that 
the quantum effi ciency of this detector is suffi ciently large to detect 
single electrons, these observations may be assumed to be Poisson 
distributed. This means that the probability that the observation wm is 
equal to ωm is given by (Papoulis, 1965)

 
λ
ω

λ
ω
m

m
m

m

!
exp −( )  (19)

where the parameter λm is equal to the expectation of the observation 
wm, which, in its turn, is described by the expectation model. 
Therefore,

 E[wm] = λm = fm(τ) (20)

with fm(τ) given by Eq. (18). A property of the Poisson distribution is 
that the variance of the observation wm is equal to λm:

 var(wm) = λm (21)

Moreover, electron microscopic observations may be assumed to be 
statistically independent. The probability P(ω; τ) that a set of observa-
tions w = (w1  .  .  .  wM)T is equal to ω = (ω1  .  .  .  ωM)T is thus equal to the 
product of all probabilities described by Eq. (19):
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 (22)

This function is called the joint probability density function of the obser-
vations. It represents the parametric statistical model of the observa-
tions. The parameters τ to be estimated enter P(ω; τ) via λm.

If the expectation E[wm] = λm increases, the Poisson distribution tends 
to a normal distribution with both expectation E[wm] and variance 
var(wm) equal to λm of the Poisson distribution (Mood et al., 1974). This 
normal approximation is justifi ed if the magnitude of the observations 
wm is large with respect to the square root of this number (Koster 
et al., 1987). Moreover, if the contrast in the images is low, the devia-
tions of the observations from their expectations may be supposed to 
be identically distributed, that is, var(wm) = σ2 (Miedema et al., 1994). 
Under these conditions the joint probability density function of the 
observations is given by
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In Section 5.2, the parameterized joint probability density function 
will be used to derive the CRLB, that is, an expression for the attainable 
precision with which the unknown parameters can be estimated unbi-
asedly from the observations. In Section 5.3, from the joint probability 
density function, the ML estimator of the parameters will be derived. 
This estimator actually achieves the CRLB asymptotically, that is, for 
the number of observations going to infi nity.

5.2 The Cramér–Rao Lower Bound

In this section, the parameterized probability density function of the 
observations, which is derived in Section 5.1, will be used to defi ne the 
Fisher information matrix and to compute the CRLB on the variance of 
unbiased estimators of the parameters of the expectation model. The 
CRLB will also be extended to include unbiased estimators of vectors 
of functions of these parameters. As discussed in the introduction of 
Section 5, the CRLB is used as a criterion for statistical model-based 
resolution. The reader is referred to van den Bos (1982), Frieden (1998), 
and van den Bos and den Dekker (2001) for the details of the CRLB.

First, the Fisher information matrix F with respect to the elements of 
the R × 1 parameter vector τ = (τ1  .  .  .  τR)T is introduced. It is defi ned as 
the R × R matrix

 F E
P

= −
∂ ( )

∂ ∂






2ln ;w
T

τ
τ τ

 (24)

where P(ω; τ) is the joint probability density function of the observa-
tions w = (w1  .  .  .  wM)T. The expression between square brackets repre-
sents the Hessian matrix of ln P, for which the (r, s)th element is defi ned 
by ∂2 ln P(ω; τ)/∂τr∂τs. For electron microscopic observations, where 
P(ω; τ) is given by Eq. (22), it follows from Eqs. (20), (22), and (24) that 
the (r, s)th element of F is equal to
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Furthermore, if the approximation of Eq. (22) by Eq. (23) is justifi ed, 
the (r, s)th element of F is equal to
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Next, it can be shown that the covariance matrix cov(τ̂) of any unbi-
ased estimator τ̂ of τ satisfi es

 cov(τ̂) ≥ F−1 (27)

This inequality indicates that the difference of the matrices cov(τ̂) and 
F−1 is positive semidefi nite. Since the diagonal elements of cov(τ̂) rep-
resent the variances of τ̂1,  .  .  .  , τ̂R and since the diagonal elements of a 
positive semidefi nite matrix are nonnegative, these variances are larger 
than or equal to the corresponding diagonal elements of F−1:
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 var(τ̂r) ≥ [F−1]rr (28)

where r = 1,  .  .  .  , R and [F−1]rr is the (r, r)th element of the inverse of the 
Fisher information matrix. In this sense, F−1 represents a lower bound 
to the variances of all unbiased τ̂. The matrix F−1 is called the CRLB on 
the variance of τ̂.

The CRLB can be extended to include unbiased estimators of vectors 
of functions of the parameters instead of the parameters proper. Let 
γ(τ) = [γ1(τ)  .  .  .  γC(τ)]T be such a vector and let γ̂ be an unbiased estimator 
of γ(τ). Then, it can be shown that

 cov γ̂ γ
τ

γ
τ

( ) ≥ ∂
∂

∂
∂

−
T

T
F 1  (29)

where ∂γ/∂τT is the C × R Jacobian matrix defi ned by its (r, s)th element 
∂γr/∂τs (van den Bos, 1982). The right-hand member of this inequality 
is the CRLB on the variance of γ̂.

It should be noted that the CRLB may be computed only if the 
probability density function of the observations is known. At fi rst 
sight, this seems to be a problem since the true parameters of the 
probability density function are unknown. Nevertheless, even if the 
CRLB is a function of the unknown parameters, it remains an 
extremely useful tool. For nominal values of the unknown parameters 
it enables one to quantify variances that might be achieved, to detect 
possibly strong covariances between parameter estimates, and, as 
will be shown in Section 5.4, to optimize the experimental design (van 
den Bos, 1982). Moreover, the estimates obtained using an estimator 
that achieves the CRLB may be substituted for the true parameters 
in the expression for the CRLB so as to obtain a level of confi dence 
to be attached to these estimates (den Dekker and Van Aert, 2002; 
den Dekker et al., 2005; Van Aert et al., 2005). This will briefl y be 
discussed in Section 5.3.

The attainable precision with which position and distance parameters 
of one or two point objects can be measured has been investigated. The 
observations consist of counting results in a one- or two-dimensional 
pixel array. The model describing the expectations of these observa-
tions has been assumed to consist of Gaussian peaks with unknown 
position. Under this assumption, the CRLB, which usually has to be 
calculated numerically, may be approximated by a simple rule in closed 
analytical form. Although the expectation model of images obtained 
in practice are generally of higher complexity than Gaussian peaks, the 
rules are suitable to provide insight in the attainable precision of posi-
tion and distance parameters using quantitative atomic resolution 
TEM. In Bettens et al. (1999) and Van Aert et al. (2002a), the details of 
this study can be found. In the following examples, only the main 
results will be presented.

Example 2 (Position Measurement) In this example, the attainable preci-
sion of the position measurement of one isolated point object will be considered. 
If the point spread function is assumed to be Gaussian and defi ned by Eq. (1) 
and if the total number of imaging particles is N, the lower bound on the 
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standard deviation sLB of the coordinates estimates of the position, that is, the 
square root of the CRLB, is given by

 s
N

LB ≈ ρ
 (30)

or, from Eq. (3)

 s
N

LB
p≈

ρ

2 2
 (31)

Thus, the precision with which the position can be determined is a function of 
both the Rayleigh resolution ρp and the number of imaging photons N. If N is large, 
the precision can be orders of magnitude higher than the point resolution ρp.

Example 3 (Distance Measurement) Here, the attainable precision of the 
distance measurement of two neighboring point objects will be considered. If 
the imaging is supposed to be linear, the image consists of the superposition of 
the two corresponding point spread functions as simulated in Figures 20–6 
and 20–7. The total number of imaging photons used in the simulation is equal 
to 2 N. This means that in agreement with Figure 20–5, the number of photons 
per peak is equal to N. The results are different for distances smaller than or 
larger than ρp/2 and may be summarized as follows.

• d > ρp/2
 This is shown in Figure 20–6. Now, the distance d between the atoms is 

larger than the half of the Rayleigh resolution. Then, the lower bound on 
the standard deviation sMIN on the distance d is minimal, independent of d, 
and given by

 s
N

MIN
p≈

ρ

2
 (32)

Figure 20–7. The results of a computer-simulated image of two neighboring 
points with a Gaussian point spread function, where p1,2(x, y) are two-dimen-
sional normalized Gaussian point spread functions, as in Eq. (1). The experi-
mental as well as the expectation values of the individual peaks [N × p1,2(x, y)] 
are plotted within the section y = 0. The number of imaging particles 2N is 
equal to 500,000. The peaks overlap severely.
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 Thus, from Eq. (31) it follows that the CRLB on the variance of the distance 
is twice the CRLB on the variance of the position of an isolated point 
object:

 s sMIN LB
2 22=  (33)

 The reason for this is that the coordinate estimates of neighboring atoms are 
uncorrelated for distances larger than ρp/2.

• d ≤ ρp/2
 This is shown in Figure 20–7. Now, the distance d between the atoms is 

smaller than the half of the Rayleigh resolution. Then, the lower bound on 
the standard deviation sLB increases inversely proportionally to the distance 
d, following approximately the relation

 s d
s

dLB
MIN p( ) ≈

ρ
2

 (34)

 where sMIN is given by Eq. (32).

In Figure 20–8, the lower bound on the standard deviation of the distance 
d is shown as a function of the distance.

In this section, statistical model-based resolution has been discussed 
in terms of the CRLB. In this discussion, the parametric statistical 
model of the observations, that is, the joint probability density func-
tion, has been assumed to be exact. Then, it is clear that statistical 
model-based resolution is limited by the lower bound on the variance 
or on the standard deviation. This limit is fundamental. Moreover, if 
the model is inaccurate, the introduced systematic error determines 
another fundamental limit to statistical model-based resolution. Apart 
from these fundamental limits, computational limits exist as well, just 
as for deterministic model-based resolution. The computing time 
needed to fi t the model to the images with respect to the unknown 
parameters increases with the total number of parameters to be 

Figure 20–8. The lower bound on the standard deviation of the distance d as 
a function of the distance.
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measured. Furthermore, the optimization methods fail if the structure 
is not resolved.

5.3 Maximum Likelihood Estimation

In this section, the derivation of the ML estimator of the parameters 
from the parameterized probability density function, which is dis-
cussed in Section 5.1, will be discussed. This estimator is very impor-
tant since it achieves the CRLB asymptotically, that is, for the number 
of observations going to infi nity. Thus, it is asymptotically most precise 
and is therefore often used in practice. The ML estimator is clearly 
discussed in van den Bos and den Dekker (2001) and den Dekker et al. 
(2005). A summary is given here.

The ML method for estimation of the parameters consists of three 
steps:

1. The available observations w = (w1  .  .  .  wM)T are substituted for the 
corresponding independent variables ω = (ω1  .  .  .  ωM)T in the probability 
density function, for example, in Eq. (22) or in Eq. (23). Since the obser-
vations are numbers, the resulting expression depends only on the 
elements of the parameter vector τ = (τ1  .  .  .  τR)T.

2. The elements of τ = (τ1  .  .  .  τR)T, which are the hypothetical true 
parameters, are considered to be variables. To express this, they are 
replaced by t = (t1  .  .  .  tR)T. The logarithm of the resulting function, ln 
P(w; t), is called the log-likelihood function of the parameters t for the 
observations w, which is denoted as q(w; t).

3. The ML estimates ̂τML of the parameters τ are defi ned by the values 
of the elements of t that maximize q(w; t), or

 τ̂ML = arg maxt q(w; t) (35)

For independent normally distributed observations with equal vari-
ance, for which the joint probability density function is given by Eq. 
(23), it can easily be shown that the ML estimator is equal to the well-
known uniformly weighted least-squares estimator (van den Bos and den 
Dekker, 2001; den Dekker et al., 2005). The uniformly weighted least-
squares estimates τ̂LS of the unknown parameters τ are given by the 
values of t that minimize the uniformly weighted least-squares criterion:

 ˆ arg minτLS = − ( )[ ]
=

∑t m m
m

M

w f t 2

1

 (36)

where the function fm is defi ned by Eq. (18).
The most important properties of the ML estimator are the 

following:

• Consistency. Generally, an estimator is said to be consistent if the 
probability that an estimate deviates more than a specifi ed amount 
from the true value of the parameter can be made arbitrarily small 
by increasing the number of observations used.

• Asymptotic normality. If the number of observations increases, the 
probability density function of an ML estimator tends to a normal 
distribution.
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• Asymptotic effi ciency. The asymptotic covariance matrix of an ML 
estimator is equal to the CRLB. In this sense, the ML estimator is 
most precise.

• Invariance property. The ML estimates γ̂ML of a vector of functions of 
the parameters τ, that is, γ(τ) = [γ1(τ)  .  .  .  γC(τ)]T, are equal to γ(τ̂ML) = 
[γ1(τ̂ML)  .  .  .  γC(τ̂ML)]T (Mood et al., 1974).

To evaluate the level of confi dence to be attached to the obtained ML 
estimates, confi dence regions and intervals associated with these esti-
mates are required. A summary of existing methods to compute such 
regions and intervals is presented in den Dekker et al. (2005). One of 
these methods is based on the asymptotic normality of the ML estima-
tor. It is preferred, especially if the experiment cannot be replicated. 
For example, an approximate 100(1 − α)% confi dence interval for the 
rth element of τ, τr, is given by

 τ̂ λ αML[ ] ±  −( )
−

r rr
F1 2

1  (37)

with [τ̂ML]r the rth element of the parameter vector τ̂ML, [F−1]rr the (r, r)th 
element of F−1, and λ(1−α/2) the (1 − α/2) quantile of the standard normal 
distribution. The meaning of a 100(1 − α)% confi dence interval is that 
it covers the true element τr of τ with probability 1 − α. Usually, F−1 is 
a function of the parameters to be estimated. The confi dence intervals 
(37) are then derived by using approximations of F−1. A useful approxi-
mation ̂F−1 of F−1 may be obtained by substituting ̂τML for τ in the expres-
sion for the CRLB yielding

 F̂−1 = F−1|τ=τ̂ML (38)

The effectiveness of the ML method will be shown in the following 
example, where it will be applied to experimental high-resolution TEM 
(HRTEM) images of an aluminum crystal. The details of this study can 
be found in Van Aert et al. (2005).

Example 4 (Maximum Likelihood Estimation of Structure Parame-
ters from HRTEM Images of an Aluminum Crystal) Structure param-
eters, atom column distances in particular, have been estimated from HRTEM 
images of an aluminum crystal using the ML method. Therefore, 20 images 
have been recorded and afterward been corrected for specimen drift using 
cross-correlation. From these corrected images, a particular region consisting 
of 51 times 50 pixels has been selected. The individual images resulting from 
this procedure are shown in Figure 20–9. The observations corresponding to 
these individual images, that is, the 51 times 50 image pixel values, are sup-
posed to be independent normally distributed with equal variance. For such 
observations, the joint probability density function is given by Eq. (23). 
Moreover, the expectation model has been supposed to be given by Eq. (10). 
The unknown parameters of this model have then been estimated using the 
ML estimator, which for these types of observations is equal to the uniformly 
weighted least-squares estimator given by Eq. (36). Furthermore, ML esti-
mates of the atom column distances have been obtained using the invariance 
property of the ML estimator. Also confi dence intervals for the parameters 
have been computed. For example, for the atom column distances, the 
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precision has been shown to be of the order of 0.03 Å, with the precision 
represented by the square root of the approximated CRLB on the variance of 
the distance with the approximated CRLB given by Eq. (38). Obviously, the 
value to be attached to the obtained estimates and confi dence intervals depends 
on the validity of the model. Therefore, it is important to test the proposed 
model before attaching confi dence to these estimates. This has been done 
using the model assessment methods described in den Dekker et al. (2005) 
and Van Aert et al. (2005). From these methods, it could be concluded that 
the proposed model is a suffi ciently adequate description of the experimental 
observations. The model evaluated at the obtained ML estimates is shown in 
Figure 20–10. Note that this fi gure may be regarded as an optimal image 
reconstruction.

Figure 20–9. HRTEM 
observations of an alu-
minum crystal.
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Finally, the variation of the atom column distance estimates has been com-
pared to the variance that would be expected if the statistical fl uctuations of 
the observations would be the only source of variation of the distance esti-
mates. The former has been measured by means of the well-known sample 
variance (Mood et al., 1974) and the latter by means of the CRLB. If statisti-
cal fl uctuations would be the only source of contribution to the variation of 
the distance estimates, the sample variance and the estimated CRLB should 
be about equal to one another. However, from a comparison of both, it followed 
that the sample variance was about 10 times larger than the estimated CRLB. 
Hence, there must be a further, dominant contribution to the variation of 
the distance estimates. Because of this the atom columns of the crystal were 
not observed at a perfectly periodic crystal lattice in the experiment and, in 

Figure 20–10. The exp-
ection models as des cr-
ibed by Eq. (10) evaluated 
at the estim ated par-
ameters obta ined from 
the experimental images 
shown in Figure 20–9 
using the ML method.
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addition, the atom columns were spotted at different locations in the course 
of time.

The ML method is, of course, also applicable to other types of 
experiments for the estimation of unknown parameters. An interesting 
application to EELS spectra can be found in Verbeeck and Van Aert 
(2004).

5.4 Statistical Experimental Design

In this section, it will be shown how the statistical model-based reso-
lution of a quantitative atomic resolution TEM experiment may be 
improved by optimizing its design.

Usually, instrumental developments in microscopy, telescopy, or 
even spectrometry aim at improving the Rayleigh resolution or 
Rayleigh-like resolution criteria. Examples of such developments in 
electron microscopy are the spherical aberration corrector (Rose, 1990; 
Haider et al., 1998) and the monochromator (Mook and Kruit, 1999). A 
resolution (in the sense of Rayleigh) beyond 1 Å allows microscopists 
to visually distinguish atom columns of solids oriented along a main 
zone axis. In addition, electron microscopes now have increased ver-
satility of microscope settings, which will preferably be computer con-
trollable in the future. Electron microscopists can choose between TEM 
or STEM, between imaging or diffraction techniques, focus, accelerat-
ing voltage, spherical aberration, energy spread of incoming electrons, 
beam tilt, and crystal tilt. The main constraints of the experiment will 
be the radiation sensitivity of the object or the specimen drift. The 
question then arises as to which microscope and which settings are 
optimal in keeping the incident electron dose per square ångstrom or 
the recording time subcritical. In this section this question will be 
addressed using statistical experimental design. Statistical experimen-
tal design can be defi ned as the selection of free experimental settings 
in an experiment to improve the precision with which unknown 
parameters can be estimated. For quantitative atomic resolution TEM 
experiments, these parameters are the atom or atom column positions 
in particular. The optimal design is then given by the combination of 
experimental settings for which the precision of the atom or atom 
column positions is highest. In the optimization of the experimental 
design, the CRLB is taken as the optimal criterion. This criterion thus 
aims at an improvement of statistical model-based resolution rather 
than an improvement of Rayleigh resolution or Rayleigh-like resolution 
criteria. Note that the optimal statistical experimental design may be 
different for different objects under study.

In Section 5.2, it was shown how from the joint probability density 
function, which was introduced in Section 5.1, the elements of the 
Fisher information matrix may be calculated explicitly. From the latter, 
the CRLB on the variance of the parameters of the expectation model 
and on the variance of functions of these parameters may be computed 
from the right-hand side of Eqs. (27) and (29), respectively. The diago-
nal elements of the CRLB give a lower bound on the variance of any 
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unbiased estimator of the parameters. Since the joint probability density 
function is a function of the experimental settings, the CRLB is a func-
tion of these settings as well. Therefore, the CRLB may be used to 
evaluate and to optimize the experimental design in terms of precision. 
However, simultaneous minimization of the diagonal elements of the 
CRLB, that is, the right-hand side of Eq. (28), is usually impossible. 
Therefore, statistical parameter estimation theory provides different 
optimality criteria, which are functions of the elements of the CRLB. 
These are scalar measures. Experimenters may choose one of these 
criteria or may produce their own criterion, refl ecting their purpose. 
The interested reader may fi nd a selection of such criteria in Fedorov 
(1972), Pázman (1986), and Van Aert et al. (2004).

Statistical experimental design can be illustrated as follows. Suppose 
the microscope is able to visualize individual atoms or atom columns 
so that the structure can be resolved. In other words, neighboring 
atoms or atom columns can be discriminated in the images. Further-
more, it will be assumed that the expectations of the Poisson distrib-
uted image pixel values can be modeled as a summation of Gaussian 
peaks centered at the atom or atom column positions. The position 
coordinates of these atoms or atom columns are the unknown param-
eters in the expectation model. It then follows from Eq. (31) that the 
lower bound on the standard deviation of these coordinate estimates, 
that is, the square root of the CRLB, is approximately given by 
ρp 2 2N . In this expression, ρp represents the Rayleigh resolution, 
which depends on the Rayleigh resolution of all different subchannels 
contributing to the imaging process as follows from Eq. (7) and N rep-
resents the number of detected electrons per atom or atom column. It 
is now clear that it is not only the Rayleigh resolution that matters but 
the electron dose as well. If the Rayleigh resolution can be improved 
only at the expense of a decrease in the number of detected electrons, 
both effects have to be balanced under the existing physical constraints 
so as to produce the highest precision. Furthermore, it follows from Eq. 
(7) that below a certain value for ρp, it will be useless to further improve 
the Rayleigh resolution of the electron microscope since scattering is 
dominant or, equivalently, ρp is almost equal to the width of the elec-
trostatic potential of an atom, that is, ρA. This result is meaningful in 
practice. For example, in STEM experiments, further narrowing of the 
probe, which represents the point spread function of the electron 
microscope, is not so benefi cial in terms of precision since the width 
of the probe is currently almost equal to the width of an atom (Krivanek 
et al., 2002).

In the following examples, the main results obtained from the 
numerical optimization and evaluation of the design of quantitative 
atomic resolution TEM experiments will be presented. Also the possi-
ble benefi ts of new developments in instruments will be discussed. In 
these examples, expectation models with a solid physical base, instead 
of Gaussian peaks, have been assumed and the observations are 
assumed to be independent and Poisson distributed. The results 
obtained may intuitively be interpreted using the rules for the CRLB, 
which have been obtained from Gaussian peaked expectation models. 



1254 S. Van Aert et al.

Comprehensive descriptions of these results can be found in den 
Dekker et al. (1999, 2001), Van Aert and Van Dyck (2001), and Van Aert 
et al. (2002a–c, 2004).

Example 5 (Statistical Experimental Design of Scanning Transmis-
sion Electron Microscopy) The expectation model that has been used in 
the evaluation and optimization of the experimental design of STEM experi-
ments is based on the simplifi ed channelling theory to describe the dynamic, 
elastic scattering of the electrons with atom columns (Broeckx et al., 1995; 
Geuens and Van Dyck, 2002; Pennycook and Jesson, 1992; Van Aert et al., 
2002b; Van Dyck and Op de Beeck, 1996). Therefore, it has been assumed that 
the dynamic motion of an electron in a column may be primarily expressed in 
terms of so-called tightly bound 1s states, which are peaked at the atom column 
positions. Furthermore, in this model, temporal incoherence due to chromatic 
aberration has not been taken into account since STEM imaging seems to be 
robust to chromatic aberration (Batson, et al., 2002; Krivanek et al., 2002; 
Nellist and Pennycook, 1998, 2000). Thermal diffuse, inelastic scattering has 
not been taken into account for the following reasons. Thermal diffuse scattered 
electrons are predominantly collected in the detector at high angles (Treacy, 
1982). Therefore, increasing the inner detector angle of an annular detector 
has the effect of increasing thermal diffuse, inelastic scattering relative to 
elastic scattering (Wang, 2001). Usually, the inner detector angle is chosen to 
be relatively large since the detected signal then strongly depends on the atomic 
number Z, hence the name, Z-contrast imaging. The disadvantage of increas-
ing this detector angle, however, is the accompanied decrease of dose effi ciency, 
which leads to a decrease in signal-to-noise ratio (SNR). It can be shown that 
as a result of this decrease in SNR, the optimal inner collection angle in terms 
of precision is small compared to the angles where thermal diffuse scattering 
is important. This justifi es the fact that thermal diffuse scattering has not been 
taken into account. The details of the expectation model can be found in Van 
Aert et al. (2002b, 2004).

It has been shown in Van Aert and Van Dyck (2001) and Van Aert et al. 
(2002b, 2004) that the optimal aperture radius in terms of precision may be 
considerably smaller than the aperture radius at the Scherzer conditions for 
incoherent imaging, which is referred to as being optimal in terms of direct 
visual interpretability (Scherzer, 1949; Pennycook and Jesson, 1991). This 
indicates that the optimal width of diffraction-limited probes, for which the 
width is inversely proportional to the aperture radius, is not as small as pos-
sible. The optimal objective aperture radius, which determines the size of a 
diffraction-limited probe, has been found to be mainly determined by the object 
under study. More specifi cally, for isolated atom columns, it is proportional to 
the depth of the two-dimensional electrostatic potential of the atom column 
projected along the column direction, that is, the difference between the 
maximum and minimum potential energy. In terms of the column-specifi c 1s 
state, this means that the main lobe of the optimal probe is broader than the 
1s state. This is shown in Figure 20–11, where both the 1s state and the ampli-
tude of the optimal probe are shown for a silicon and a gold [100] atom column. 
However, in the presence of neighboring columns, it has been found that the 
optimal aperture radius may increase so as to avoid strong overlap of neighbor-
ing columns in the image.
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In the evaluation of the experimental design, annular and axial detector types 
have been compared. Apart from some exceptions, an annular detector usually 
results in higher precision than an axial one. The optimal inner radius of an 
annular detector has been found to be equal to the optimal objective aperture 
radius, whereas in a conventional approach the radius of the hole is usually 
taken to be much larger than the aperture radius (Pennycook et al., 1995; Hartel 
et al., 1996). The optimal outer radius of an axial detector is usually slightly 
smaller than the optimal aperture radius. However, if this detector leads to very 
low contrast of the image, the optimal detector radius decreases.

Moreover, it has been found that a spherical aberration corrector improves 
the precision. The accompanied gain depends on the object under study. Cor-
rection of the spherical aberration is more useful in terms of precision for heavy 
than for light atom columns. This is shown in Figures 20–12 and 20–13, where 
the ratio of the lower bound on the standard deviation of the position coordi-
nates for a given spherical aberration constant to the lower bound for a spheri-
cal aberration constant of 0 mm is shown as a function of the spherical 
aberration constant. This is done for an isolated silicon and gold [100] atom 
column, respectively. Moreover, the evaluation is done for an annular as well 
as an axial detector. For each spherical aberration constant considered, the 
objective aperture radius is set to its optimal value. Furthermore, the detector 
radius is taken to be equal to this optimal objective aperture radius. For silicon, 
which is a light atom column, it follows from Figure 20–12 that the precision 
that is gained by reducing the spherical aberration constant from 0.5 mm to 
0 mm is a factor of 1.0009 and 1.0011 for an annular and axial detector, 
respectively. These gains are negligible. For gold, which is a heavy atom 
column, it follows from Figure 20–13 that the precision that is gained by 
reducing the spherical aberration constant from 0.5 mm to 0 mm is a factor of 
1.21 and 1.39 for an annular and axial detector, respectively, which is still 
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Figure 20–11. The dashed curves represent the 1s state for a silicon [100] (left) 
and a gold [100] (right) atom column, respectively. The solid curves represent 
the amplitude of their associated optimal STEM probes for Cs equal to 
0.5 mm.
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relatively small. This makes it questionable whether such a corrector is needed 
to obtain a prespecifi ed precision of the atom column positions.

Example 6 (Statistical Experimental Design of High-Resolution 
Transmission Electron Microscopy) The optimal experimental design of 
HRTEM experiments has been reconsidered in terms of statistical model-based 
resolution (den Dekker et al., 1999, 2001; Van Aert et al., 2004). The expecta-
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Figure 20–12. Ratio of the lower bound on the standard deviation of the posi-
tion coordinates for a given spherical aberration constant to the lower bound 
for a spherical aberration constant of 0 mm for an isolated silicon [100] atom 
column as a function of the spherical aberration constant for an annular as 
well as for an axial STEM detector.
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Figure 20–13. Ratio of the lower bound on the standard deviation of the posi-
tion coordinates for a given spherical aberration constant to the lower bound 
for a spherical aberration constant of 0 mm for an isolated gold [100] atom 
column as a function of the spherical aberration constant for an annular as 
well as for an axial STEM detector.
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tion model that has been used in the evaluation and optimization of HRTEM 
experiments is based on the simplifi ed channeling theory (Geuens and Van 
Dyck, 2002; Van Dyck and Op de Beeck, 1996). For microscopes operating at 
intermediate accelerating voltages of the order of 300 kV, it has been shown 
that use of a spherical aberration corrector or a chromatic aberration corrector 
is only of limited value and that the use of a monochromator usually is not 
worthwhile in terms of precision, presuming that specimen drift places a prac-
tical constraint on the experiment. These results follow from Figure 20–14, 
where the lower bound on the standard deviation of the position coordinates 
of a gold atom column is evaluated as a function of the spherical aberration 
constant. The solid curve corresponds to a microscope without correction for 
chromatic aberration, that is, a microscope without a chromatic aberration 
corrector and monochromator. The dashed curve corresponds to a microscope 
with a chromatic aberration corrector, for which the chromatic aberration 
constant is equal to 0 mm. The dotted curve corresponds to a microscope with 
a monochromator, for which the energy spread corresponds to a typical full 
width at half maximum height of 200 meV (Batson, 1999). In Figure 20–14 it 
is assumed that the specimen drift is the relevant physical constraint. Hence, 
the recording time is kept constant. Consequently, the total number of detected 
electrons is smaller in the presence of a monochromator. The values for the 
other microscope settings, that is, for the original, nonoptimized microscope 
settings, are in accordance with values that are typical for today’s electron 
microscopes. Therefore, it also follows from Figure 20–14 that for today’s 
electron microscopes it is in principle possible to obtain a precision of the order 
of 0.01 Å, even with a microscope that is not corrected for spherical and chro-
matic aberration.

However, for amorphous instead of crystalline structures, the conclusions 
are different since amorphous structures are very sensitive to radiation damage, 

Figure 20–14. The lower bound on the standard deviation of the position 
coordinates of a gold [100] atom column as a function of the spherical aberra-
tion constant for a microscope operating at 300 kV equipped with or without 
a chromatic aberration corrector or monochromator. In this evaluation, the 
recording time is kept constant.
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so that radiation sensitivity rather than specimen drift will be the limiting 
factor in the experiment. Although the precision improves by increasing the 
incident dose, it has to be taken into account that every incident electron has 
a fi nite probability of damaging the structure. The structure can be damaged 
either by displacing an atom from its position or by changing chemical bonds 
due to ionization. Therefore, a compromise between precision and radiation 
damage has to be made, which turns out to be optimal when the accelerating 
voltage is reduced. However, at low accelerating voltages, the instrumental 
aberrations become important. For this reason, correction of both the spherical 
aberration and the chromatic aberration by either a chromatic aberration cor-
rector or a monochromator will be essential. By means of statistical experi-
mental design, it has been shown that a substantial improvement of the 
precision may be obtained if both the spherical and chromatic aberration are 
corrected (Van Dyck et al., 2003).

6 Ultimate Model-Based Resolution

In the preceding section, the CRLB on the precision of the estimated 
distance of two peaks was used as a resolution criterion. Such a crite-
rion makes sense only if an estimator exists that actually achieves this 
bound. Such an estimator exists in the form of the so-called ML estima-
tor. This estimator produces estimates that are normally distributed 
about the true values of the parameters with a variance equal to the 
CRLB. However, this is true only if the number of observations used 
by the ML estimator is suffi ciently large. For small numbers of observa-
tions, the estimates have statistical properties that are very different. 
A detailed description is given in van den Bos (1992) and van den Bos 
and den Dekker (1995, 2001).

6.1 Two Types of Observations

Central in this section is the space of observations, which has been 
introduced in Section 5.1. This is the Euclidean space in which every 
coordinate direction corresponds to a particular observation. Therefore, 
the dimension of the space of observations is equal to the number of 
observations and a particular set of observations is represented by a 
single point in the space. For example, the observations shown in Figure 
20–7 correspond to a single point in the space of observations. It has 
been shown in the references mentioned that two types of sets of two-
peak observations may occur. If the two-peak model is fi tted to the fi rst 
type of observations, distinct values for the locations are obtained. Then 
the distance of the peaks is different from zero. If, on the other hand, 
the two-peak model is fi tted to observations of the second type, the 
estimates for the locations exactly coincide. Then the distance of the peaks 
is equal to zero. This means that the peaks exactly coincide. It is clear 
that from the fi rst type of observations both peaks are resolved in the 
sense that they occur at distinct locations. On the other hand, for the 
second type of observations, the peaks occur at the same location. 
Therefore, the peaks add up to form a single peak and cannot be 
resolved. From these considerations, it follows that the (hyper)surface 
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separating both types of observations in the space of observations may 
be used as a resolution criterion. If the point representing a particular 
set of observations is on the one side of the hypersurface, the peaks are 
resolved, but if it is on the other side, they are not.

This perhaps unexpected behavior of the solutions for the locations 
of the peaks has to do with the structure of criteria of goodness of fi t 
for the estimation of parameters such as the locations. The structure is 
the pattern of the stationary points of the criterion, where a stationary 
point is a point at which the gradient is equal to zero, such as a 
minimum or maximum. The structure is important since the solution 
of the model fi tting problem is represented by a stationary point: the 
absolute optimum of the criterion of goodness of fi t. It has been found 
that for observations made on overlapping peaks, two different struc-
tures may occur and that these correspond to distinct or coinciding 
solutions for the locations, respectively. Which of these structures 
occurs depends on the particular realization of the observations.

6.2 Consequences for Resolution

If the observations are statistical, they are, in the space of the observa-
tions, distributed about the point representing their expectations. This 
expectation point, therefore, represents ideal exact observations. If the 
model fi tted is correctly specifi ed, it perfectly fi ts these exact observa-
tions. Then the solutions found for the locations are distinct and equal 
the hypothetical true locations, no matter how closely located the 
peaks. Therefore, the expectation point will be located on the “two-
peak side” of the separating hypersurface and not on the “one-peak 
side,” since the solutions are distinct. Observations distributed about 
the expectation point will, with a certain probability, only be on the 
two-peak side of the separating hyperplane. It is concluded that resolu-
tion should be described in terms of probability of resolution. The dis-
tance of the expectation point and the separating hypersurface becomes 
smaller and smaller as the hypothetical true locations are closer. This 
means that the probability that a set of observations is located on the 
one-peak side of the separating hyperplane increases and the probabil-
ity of resolution decreases correspondingly.

The separating hypersurface is computed from and, therefore, spe-
cifi c to the peak model fi tted. In this chapter, this is often the Gaussian 
peak. The expectation point, however, is specifi c to the model actually 
present in the observations. If the model fi tted and the model present 
differ, the expectation point may even be located on the one-peak side 
of the separating hyperplane. This implies that the peaks are not resolved 
even if the statistical errors in the observations are very small.

It is clear that, ultimately, resolution is limited by errors, both system-
atic (modeling) errors and nonsystematic (statistical) errors. This limit is 
fundamental: neither an increase in computer power nor improved soft-
ware can remove it. It would be present even if initial conditions would 
be available for the locations of all peaks and suffi cient computer power 
would be available for fi tting them. Removing these limits requires more 
and preferably different observations of the same peaks.
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7 Discussion and Conclusions

In this chapter, resolution has been investigated in detail in successive 
steps. Throughout this chapter, emphasis has been put on electron 
microscopy.

First, classical resolution criteria, such as Rayleigh’s and Sparrow’s, 
have been discussed. These criteria are expressed in terms of the width 
of the point spread function. The narrower the point spread function, 
the higher the resolution.

Next, the diffraction limit to resolution and its relation to Rayleigh 
and Sparrow resolution have been considered. The diffraction limit is 
given by the cutoff frequency, which is the highest spatial frequency 
that is transferred by the imaging system. It has been shown that the 
diffraction limit is inversely proportional to the Rayleigh resolution. For 
electron microscopy applications, it has been shown that the “width” of 
the electrostatic potential of the atoms as well as the effect of thermal 
vibrations of the atoms, the environment, and the detection have to be 
taken into account. As a result of these extensions, it should be con-
cluded that the atoms themselves limit the diffraction limit and classical 
resolution criteria. Also the notion of superresolution has been intro-
duced. Using superresolution algorithms, frequency components lying 
beyond the diffraction limit can be reconstructed. Such algorithms use 
prior knowledge of the object imaged by the imaging system.

Such prior knowledge has been incorporated in the form of a para-
metric model. Indeed, classical resolution criteria are in fact concerned 
with calculated images, that is, noise-free images exactly describable 
by a known parameterized mathematical model. Then, the unknown 
parameters, such as the positions of projected atoms, can be measured 
by means of model fi tting. The practical limits to this so-called deter-
ministic model-based resolution are of a computational kind. As an 
example, amorphous structures studied by atomic resolution TEM 
have been discussed. For these structures, computational problems can 
be overcome only if the thickness is very small. An upper bound to the 
thickness is derived, which for amorphous silicon is of the order of 10 
Å. For realistic thicknesses, electron tomography is needed. Moreover, 
fundamental limits to deterministic model-based resolution exist if the 
model is inaccurate, since then, systematic errors are introduced.

Then, unavoidable noise in the observations has been incorporated 
by considering detected images instead of calculated images. The fun-
damental limit to this so-called statistical model-based resolution is 
determined by the CRLB, which is a lower bound on the variance with 
which the positions of, or the distance between, projected atoms or 
atom columns can be measured using parameter estimation methods. 
In this discussion, the ML estimator is very important since it achieves 
the CRLB asymptotically. The effectiveness of the ML method has been 
shown in an example, in which it has been applied to experimental 
HRTEM images of an aluminium crystal. Moreover, it has been shown 
that if the model is inaccurate, systematic errors determine fundamen-
tal limits to statistical model-based resolution as well. Apart from these 
fundamental limits, computational limits exist, just as for deterministic 
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model-based resolution. It has also been shown how to improve statis-
tical model-based resolution using statistical experimental design.

Finally, ultimate model-based resolution is considered. Depending 
on the observations, the solutions of the position estimates may coin-
cide exactly. It is shown that ultimately, resolution is limited by errors, 
both systematic and nonsystematic. This limit is fundamental: no 
increase in computer power or improved software can remove it. It 
would be present even if the structure is resolved and suffi cient com-
puter power would be available for fi tting them. Removing these limits 
requires more and preferably different observations of the same 
structure.
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I1

Index

Ag atom triangle, images of, 1101
Ag islands, electron confi nement, 1092
Al alloy, energy-fi ltered image of, 354
Al fi lms, on Si(111), 636
Al2O3 matrix, images of, 823
Alignment, Cryo-ET and, 576–577
All-electrostatic correctors, chromatic aberration 

correctors and, 718–719
All-purpose correctors, 726–728
Aluminum crystal, HRTEM of, 1249, 1250, 1251
Aluminum oxide, high-resolution micrographs of, 

221
AM-AFM. See Amplitude-modulated atomic force 

microscope
Amino acids, near-carbon-edge absorption spectra 

of, 890
Amorphization, phase transformations and, 448–449
Amorphous structure

with overlapping projected atoms, 1238
with separable projected atoms, 1238

Amorphous to crystalline transformation, in phase 
change materials, 450

Amplitude-modulated atomic force microscope 
(AM-AFM)

NC-AFM and, 934–935
topographic image with, 935

Amplitude/phase contrast images, of germanium 
test pattern, 873

Analog-to-digital-converter (ADC), 158
Analytical electron microscopy (AEM), 273–399

EDXS and, 273
EELS and, 273
electron optical confi guration of, 290–293
electron sources/probes for, 282–290
fundamentals of, 310–331
instrumentation for, 282–300
sample holders for, 378
sample preparation requirements for, 308
source comparisons for, 285
TEM and, 273

AnBnO3n+2 compounds, structural models of, 50

 

Aberration
coeffi cients, of tetrode mirror, 726
corrected microscope, using electron mirror, 

674–675
corrected PEEM microscope

beam separator in, 675–677
resolution/transmission of, 677–678

correction, 696–731
introduction to, 696, 706–712
of PEEM microscopes, 671–677
STEM and, 123–125
by tetrode electron mirror, 676

correctors
foil correctors and, 716–718
HRTEM and, 39–42

sextupole correctors and, 715–716, 715–718
geometric, 697–706
phase shift, 71
resolution and, on uncorrected PEEM, 673
size, zone plate image quality and, 849
types of, 697–706

Abrikosov fl ux lattice, LT-STM and, 1130
Absorption, XPEEM and, 659–661
Absorption length dependence, on elevation angle/

Absorption limit, thickness criteria for, 337

Acceleration voltage/emission, for Cryo-ET, 560
Acceptance angle, resolution limit and, 621
Acridine orange, 178
Actin fi laments, AFM image of, 1032
ADC. See Analog-to-digital-converter
ADF detector. See Annular dark-fi eld detector
AE. See Auger electrons
AEEM. See Auger electron emission microscopy
AEM. See Analytical electron microscopy
AFM. See Atomic force microscope
Ag(111)

LDOS oscillations on, 1089
surface states on, 1086

Absorption path, for two sample confi gurations, 338 

foil thickness, 336

quadrupole–octopole correctors and, 708–711



I2 Index

Angle/energy distributions, of SIMION simulations, 
of emitted electrons, 669

Angle-resolved photoemission spectroscopy 
(ARPES), 1082

Angular dependence, of partial cross sections, 324
Angular distribution, of 50eV electrons, 607
Angular/energy dependence, of the GOS, 321–323
Annealed surface, cooled surface and, 632
Annular dark-fi eld (ADF) detector, 68

images of thicker samples, 90–94
interference detection, 86

Annular dark-fi eld (ADF) detector scanning 
transmission microscope image, of Si<112>, 
125

Annular dark-fi eld (ADF) imaging, 82–97
availability of, 83–84
early analyses of, 91
of GaAs<110>, 95
introduction of, 83
of NiS2/Si(001)<110> interface, 95
of Pt atoms, 96
structure determination with, 94–95

Annular dark-fi eld (ADF) micrographs, of SE, 176
Antiferromagnetic domains

imaging of, 681–685
X-ray absorption spectra of, 682

Aperture diameter, 81
Aperture function, 71
Aplanatic corrector

of chromatic aberrations, 720
of spherical/chromatic aberration, 720

Applications
of DTEM, 433–435
of HRSEM, 214–221
of LEEM, 630–642
of low-loss spectroscopy, 394–399
of LT-STM, 1081–1132
of LVSEM, 226–237
of NC-AFM, 939–944
of SEM, 203

in life science, 203
of STM, 975–976
of VLVSEM, 226–237
of X-ray microscopy, 892–906

in biology, 892–895
in environmental science, 896–897
in magnetic materials, 903–905
in materials science, 897–903

of zone plate X-ray microscopes, 836–906
ARPES. See Angle-resolved photoemission 

spectroscopy
As-cast niobium specimen, EBSD patterns from, 255
ASEM. See Atmospheric scanning electron 

microscope
Astigmatism/fi eld curvature, zone plate image 

quality and, 849–850
Atmosphere interaction, electron beam-induced 

phenomena and, 511
Atmospheric scanning electron microscope (ASEM), 

237

Atmospheric thin windows (ATW), 295
Atomic force microscope (AFM), 217, 929, 1048

actin fi laments image with, 1032
bacterial cell wall protein image with, 1061–1062
beyond imaging with, 1059–1064
of block face surface image, 1029
cells and, 1057–1058
cellular samples and, 1058–1064
chemical bonding and, 1055–1056
collagen matrices and, 1061
contact mode of, 930, 1046
design optimization, for life sciences, 1048–1052
elements of, 1030
feedback loop of, 1040–1045

elements of, 1041–1042
probe/sample and, 1042
schematic drawing of, 1041
stability of, 1040–1041

fi xed 3T3 cell image with, 1049
frequency response of, closed feedback loop, 1045
imaging modes of, 1046–1048
instrument noise in, 1045–1046
instrumentation for, 1030–1052
intermittent contact mode of, 930, 1047–1048
Langmuir-Blodgett fi lms and, 1056–1057
in life sciences, 1025–1064
macromolecular samples for, 1053–1057

physisorption/DLVO force for, 1054
specimen supports for, 1053–1054

natural frequencies for, scanner elements, 1043
noncontact, 930
optical microscopy and, 1049–1050
physisorption/DLVO force and, 1054
physisorption/hydrophobic/hydrophilic 

interaction and, 1055
pulmonary surfactant and, 1060–1061
sample deformation and, 1034–1037
sample environment for, 1051–1052
sample preparation for, 1052–1058
scanners for, 1050–1051
sphingolipid-cholesterol rafts, 1062–1064
stylus geometry and, 1033
tip geometries and, 1032
tip-sample interaction and, 1033–1040

Atomic number
total inelastic cross sections and, 318
X-ray energy and, 276

Atomic resolution, 69
element-specifi c imaging with, 996
imaging, with force interactions, 930–944
magnetic imaging, with SP-STM, 1127
NC-AFM/STM/KFM, on Ge/Si (105), 959

Atomic resolution transmission electron microscopy, 
3–58

Atomic scattering, interference features from, 87
Atom/molecule manipulation, STM and, 1003–1006
ATP synthase, 1028
Attenuation coeffi cients µ,ν, energy dependence of, 

610
ATW. See Atmospheric thin windows



 Index I3

Au, energy dependence of, inelastic mean free 
electron path of, 610

Au atoms, charging of, 1006
Au nanoparticles, ronchigrams of, 78
Au on Si deposition, 465
Au sample, electron trajectories simulation of, 349
Auger electron emission microscopy (AEEM), 606
Auger electrons (AE), 109, 149

SEM and, 181
yield, 179

Auger microscopy, 181
Austenite

orientation map of, 257
secondary electron micrograph of, 256

Automated tomography, experimental setup for, 
571

Automation, Cryo-ET and, 571–576
Axial diffractograms images, from HRTEM, 20
Axial resolution improvement, by aperture 

enlargement, 795–811

Ba M45 edges, Nb M45 edges and, 330
Background

in EDXS, 330–331
in EELS, 330–331

Backscattered electrons (BSE), 166, 172–175
detector, ETD and, 187
energy dependence of, 608
of fern fossil, 205
micrographs

of frozen yeast cells, 218
of steel ball, 155, 185, 190
of tartar, 186

yield
normalized, 173
SE yield and, 171

Backscattering contrast, on Co squares, 624
Bacterial cell wall protein image, with AFM, 

1061–1062
Bacteriohodopsin, force dependent surface 

tomography of, 1036
Ball-and-stick model, of Si(111), 977
Ballistic electron, band diagrams for, 1008
Ballistic electron emission microscopy (BEEM), 

1007–1012
constant-current STM images and, 1010
on polycrystalline Au/n-Si(001), 1009
schematic setup of, 1008
on self-assembled quantum dots, 1011

Band diagrams
for ballistic electron, 1008
for elastic/inelastic electron tunneling, 973
for vacuum tunneling, 971

Be(0001), Fermi contour imaging of, 1105
Be(1010), Fermi contour imaging of, 1105
Beam current, v. incoherent imaging, 119
Beam damage, Cryo-ET and, 554–557
Beam interaction volumes, schematic diagram of, 

108
Beam scanner, 133

Beam separator
in aberration corrected PEEM microscope, 675–677
for LEEM, 622

Beam-induced phase transitions, 513–514
Beam-vapor interaction, nanostructures and, 512
BEEM. See Ballistic electron emission microscopy
Bethe stopping power, mean ionization potential 

and, for carbon/protein, 206
Bethe’s theory, 320
BF detector. See Bright-fi eld detector
Bi2Sr2CaCu2O8+δ, Fourier transform spectroscopy on, 

991
Bias-dependent evolution, of LDOS/ILDOS 

oscillations, surface states, 1087
Bias-dependent imaging, STM and, 984–986
Bias-dependent STM, on GaAs(110), 986
Bias-dependent tunneling, band diagrams of, 984
Biological electron microscopy, 536
Biological X-ray microscopy, 892–895
Birch pollen, secondary electron micrograph of, 

217
Bloch wave approach, 56
Bloch wave function, 94
Block face surface, AFM image of, 1029
Block oxide structure, oxidation of, 470
Bond formation, with STM tip, 1113
Bragg's law, 254
Bright-fi eld (BF) detector, 68
Bright-fi eld (BF) image, of Co nanowires, 1168
Bright-fi eld (BF) scanning transmission electron 

microscope (STEM)
crystalline sample schematic diagram of, 79
large detector incoherent, 82
lattice imaging in, 79–81
phase contrast imaging in, 81–82

Brightness suffi ciency, for STEM, 114–115
BSE. See Backscattered electrons
Bulk materials, deformation in, 488
Buried interfaces, heterostructures and, 1007–1016

C2H2/C2D2, chemical sensitive imaging of, 1118
C60/C-nanotube, I(V) tunneling spectroscopy, 

989–993
Ca, EELS of, 374
CaF2

high-resolution constant height images of, 944
NC-AFM of, 943–944

Carbon K-edge, specifi c peaks in, 106
Carbon nanostructures, growth of, 469–472

in situ, 471
Carbon nanotubes (CNTs), 498

mechanical properties of, 498
molecular wavefunctions in, 1095

Carbon/gold, frequency-dependent oscillator 
strength, 837

Carbon/protein, Bethe stopping power and, mean 
ionization potential of, 206

Catalysis, in situ transmission electron microscopy 
and, 466–467

Catalysts, in situ imaging of, 468



I4 Index

Catalytic fl ow reactor, STM, simultaneous mass 
spectrometry and, 1001

Cathode lenses confi gurations, for LEEM, 620
Cathode ray tube (CRT), 139
Cathodoluminescence (CL), 109, 149, 1120

detectors, 151–152
SEM and, 177

CBED. See Convergent beam electron diffraction
CC. See Charge collection
CCC, histogram of, 586
CCD. See Charge-coupled device
CE. See Collection effi ciency
Cells

absorbing, on glass coverslips, 1057
AFM and, 1057–1058
immobilizing nonadhering, 1058

Cellular cryoelectron tomography, of magnetotactic 
microorganism, 543

Cellular samples
imaging of, 1058–1064
locally probing macromolecular and, 1058–1064

Cerenkov effect, 312
CFEG. See Cold fi eld emission gun
Charge collection (CC), 192
Charge-coupled device (CCD), 36, 37, 99, 412, 535, 755

array, 73
cameras, MTFs and, 40
chip, 37
detector, schematic diagram of, 38

Charged particle optics (CPO), 665
Chemical bonding, AFM and, 1055–1056
Chemical contrast

with functionalized tip, 1109
in XPEEM, 663

Chemical imaging, of manganese nodule, 663
Chemical maps, of water microbial colony, 897
Chemical sensitive imaging, of C2H2/C2D2, 1118
Chemical vapor deposition (CVD), 978
Chromatic aberrations, 146, 704–705

aplanatic corrector of, 720
correctors, 718–726

all-electrostatic correctors and, 718–719
mixed quadrupole correctors and, 719–723

of electrostatic correction, 722–723
STEM and, 118–119

Chromatic correction, energy electron distribution 
and, 709

Chromatic defocus spreads, probe profi le plots with, 
122

Circular quantum corral, of Fe atoms, 1091
CITS. See Current-imaging tunneling spectroscopy
CL. See Cathodoluminescence
Cluster analysis, of lutetium, 898
CNTs. See Carbon nanotubes
Co, XMCD of, 679
Co dots, SEM of, 1166
Co nanoparticle, self-assembled, low magnifi cation 

bright-fi eld image, 1159
Co nanoparticle chains, in electron holography, 

1153–1156

Co nanoparticle rings, electron holography and, 
1157–1160

Co nanowires, electron holography and, 1167–1168
Co particles, off-axis electron holography of, 1155
Co squares, backscattering contrast on, 624
(Co83Cr17)87Pt 13 alloy, XMCD of, 904
Coherence, 74

HRTEM and, 26–29
requirements, for CXDI, 1221–1223
resolution and, 883–884
types of, 26–27
in Zernike phase contrast, 884

Coherent convergent beam electron diffraction
ronchigrams and, 73–78
Si<110> pattern of, 74

Coherent X-ray diffractive imaging (CXDI), 1196
coherence requirements for, 1221–1223
computer processing demands for, 1223–1224
resolution, 1221–1223

Co/LaFeO3, magnetization reversal of, 684
Cold fi eld emission, schematic diagram of, 116
Cold fi eld emission gun (CFEG), 68, 209

schematic diagram of, 116
for STEM, 11 –115

Cole-Cole plot, of local impedance spectra, 953
Collagen fi brils, adsorbed on mice, 1059
Collagen matrices, AFM and, 1061
Collagen microfi brils, 1062
Collection effi ciency (CE), 149
Colloidal chemistry sample, images of, 896
Color fi lm, FIB of, secondary electron micrograph of, 

200
Column design, electron optics and, 109–113
Coma, zone plate image quality and, 850
Commercial cross-grating replica, SE micrographs 

of, 163
Complex oxides, exit-wave reconstruction of, 48–51
Compositionally sensitive imaging, examples of, 

96–97
Condenser

OL and, 110
zone plates, 856–858

Condenser aperture, 80, 113
Condenser-objective lens, schematic drawing of, 113
Cone formation, from diffraction, scheme of, 253
Confocal principles

laser scanning microscopy and, 755–757
TPE of, fl uorescent molecules and, 754–763

Confocal PSFs, FWHM of, 759
Confocal setup

equivalent optical confi guration for, 757
historical sketch of, 753

Confocal two-photon excitation, illustrated 
modalities of, 769

Co/NiO, magnetic domain imaging of, 683
Constant-current STM images

and BEEM, 1010
of crystal BSCCO, 1131
of Si(001), 983

Contact atomic force microscope (AFM), 930



 Index I5

Contact mode, of AFM, 1046
Contamination

beam-induced, 202
SEM and, 201–203

Continuous wave (CW), 407, 408
Continuous-fl ow cryostat, variable-temperature 

STM with, 1077
Contour plot, of planar zone plates, 853
Contrast, in TXM, 885
Contrast formation

FESEM and, 212–214
for LVSEM, 225–226
SEM and, 182–195
for VLVSEM, 225–226

Contrast mechanisms, with LEEM, 624–630
Contrast transfer, partial coherence and, 880–882
Contrast transfer functions (CTFs), phase/

amplitude, 425
Conventional excitation, v. two-photon excitation, 

756
Conventional scanning electron microscope 

(CSEM), 139–208
schematic drawing of, 140

Conventional transmission electron microscope 
(CTEM), 65, 535

incoherent imaging and, 84–90
Conventional transmission electron microscope/

Scanning transmission electron microscope 
instruments, 112–113

Convergence correction, EELS and, 344–346
Convergent beam electron diffraction (CBED), 73, 

517
Cooling system, for Cryo-ET, 563
Copper, standing wave patterns of, 1083
Copper braid, mechanical decoupling of, 1075
Copper deposition, using electrochemical cell, 512
Copper oxidation, 469
Core electron, excitation on, 660
Core-loss edges, 101
Correction

factors, for spectra quantifi cation, 345
techniques, 339–341
Wien fi lters and, 723–724

Cosine amplitude grating imaging, with STXM, 
881

Co(0001) surface, SPLEEM image of, 644
CPO. See Charged particle optics
Cramér-Rao lower bound (CRLB)

distance measurement with, 1246–1248
position measurement with, 1245–1246
statistical model-based resolution and, 1244–1248

Cr-Fe-alloy, X-ray microanalysis of, 250, 251
CRLB. See Cramér-Rao lower bound
Cross correlation function (XCF), PCF and, 23
Cross sections

calculations of, 321
comparison of, of scattering processes, 325
of TDS, 92

Cross-fractured semiconductor structure, secondary 
electron micrograph of, 227

Cross-sectional scanning tunneling microscopy (X-
STM), 1013, 1014

dopant imaging by, 1015
imaging buried heterostructures and, 1013–1016
on self-assembled quantum dots, 1014

Cross-sectional semiconductor device specimen, 
experimental results from, 1180

Cross-sectioned diode, surface topography of, 951
CRT. See Cathode ray tube
Cryoelectron tomography (Cryo-ET), 535–592, 

543–547
acceleration voltage/emission for, 560
alignment and, 576–577
automation and, 571–576
beam damage and, 554–557
cooling system for, 563
cryopreparation, 549–552
cryosectioning, 552–554
detector for, 563–566
dual-axis tilting for, 559–560
electron optics for, 561
energy fi lter for, 566–570
goniometer tilt stage for, 562–563
instrumentation/automation for, 560–576
introduction to, 535–538
macromolecular complexes, identifi cation 

strategies of, 584
major diffi culties in, 547–589
plunge freezing instrumentation and, 550
plunge freezing process steps and, 551
radiation sensitivity and, 554–557
reconstruction and, 577–582
sample preparation with, 547–549
side entry cryo-holder for, 562
with single particle approach, 547
single-axis tilting for, 557
strategies/developments in, 589–592
tilting geometry with, 557–560
visualization/image analysis and, 582–584

Cryo-ET. See Cryoelectron tomography
Cryosectioning, Cryo-ET and, 552–554
Crystal BSCCO, constant-current STM images of, 1131
Crystal orientation contrast, SEM and, 193
Crystal strain, lattice displacements in, 93
Crystal structure analysis, 141

by EBSD, 252–257
Crystalline materials, ronchigrams of, 74–76
Crystallization

metal-induced, 449
on patterned substrates, 474, 475, 476
phase transformations and, 448–449
surface reactions and, 463–476

Crystallographic characterization, of polycrystalline 
materials, 134

CSEM. See Conventional scanning electron 
microscope

CTEM. See Conventional transmission electron 
microscope

CTFs. See Contrast transfer functions
Cu Lu23 edge, 329



I6 Index

Cu-DTBPP, molecular conformation identifi cation of, 
1019

Cu-Nb multifi lamentary composite, deformation in, 
491

Current-imaging tunneling spectroscopy (CITS), 
988

local I-V measurements and, 986–989
on Si(111), 989

Cu(111) surface column, Lander molecule on, 1111
CVD. See Chemical vapor deposition
CXDI. See Coherent X-ray diffractive imaging

Dark-fi eld imaging, phase identifi cation by, 626
Data cube, 104

of spectrum image, 104
three-dimensional, 105

DECO. See Doubly symmetric electrostatic corrector
Deconvolution, periodic artifacts removal through, 

803–807
Defocus difference, PCF and, 24
Deformation

in bulk materials, 488
controlled atmosphere effect on, 493
in Cu-Nb multifi lamentary composite, 491
microscopic phenomenon during, 487–493
of multiphase/composite/layered materials, 

490–493
in polycrystalline materials, 487–490
in single crystals, 487–490

Density problem sampling, in Fourier space, 
illustration of, 581

Depth-of-focus limit
high-energy X-rays and, in x-ray microscopes, 

887–888
lens-free imaging and, in x-ray microscopes, 888
through-focus deconvolution and, in x-ray 

microscopes, 887
wide-band illumination and, in x-ray microscopes, 

886–887
in X-ray microscope tomography, 885–886

Detection geometries, FESEM and, 211
Detection limits

for EDXS, 375–377
EDXS v. EELS, 381–384
for EELS, 379–381
in microanalysis, 374–384

Detector(s)
characterization of, 38–39
for Cryo-ET, 563–566
EDXS, 293
FESEM and, 211
HRTEM and, 36–39

Detector effi ciency, detector windows and, 296
Detector quantum effi ciency (DQE), 38, 39, 412
Detector windows

detector effi ciency and, 296
for EDXS, 295–297

Detectors/detection strategies
for LVSEM, 225
for VLVSEM, 225

Detector/signal processing artifacts, EDXS and, 
298–299

Deterministic model-based resolution, 1236–1240
Dielectric(s)

advanced SPM techniques for, 953–958
NC-AFM of, 943–944
real/imaginary part of, 395

Differential conductance, 1071
spatial dependence of, 1083
with tip over clean terrace/steep edge, 1084

Differential conductance mapping, 989–993
Diffraction

barrier, 790
breaking of, 811–827

contrast, from Si surfaces, 625
limit

and Rayleigh resolution, 1231–1234
Sparrow resolution and, 1231–1234
superresolution and, 1230–1236

Diffraction limited probe, 72
Diffractive imaging, 1196–1225

applicability domains of, 1218
diffractive patterns and, 1201–1205
experimental results of, 1211–1219
HIO algorithm and, 1199–1200, 1205–1211
history of, 1197–1201
images and, 1201–1205
introduction to, 1196–1197
iterated projections of, 1219–1221
objects and, 1201–1205
validity domains of approximation and, 1201–1205

Diffractive patterns, diffractive imaging and, 
1201–1205

Diffractogram measurements, HRTEM and, 21–22
Diffusion coeffi cients, for raft proteins, 1064
Diffusion kinetics, of Pd atoms, 1002
Digital imaging recording, with SEM, 157–158
Digital signal processor (DSP), 976
1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol 

(DPPTE), secondary electron micrograph of, 
231

Direct visualization, of surface state dispersion, 
1090

Directly coupled CCD camera system, 412
Disc of least confusion, 70
Discrete angle sampling, illustration of, 579
Dislocation

dynamics, in SiGe heterostructures, 494
in H atmosphere, 492

Distance dependencies, of short/long range forces, 
932

Distance measurement
with CRLB, 1246–1248
lower bound of standard deviation of, 1247

Distortion correction procedure, in electron 
holography, 1146

DLVO force
force v. distance curve with, 1039
ion dependence of, 1054

DLVO theory, 1037
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Domain images, of in-plane magnetization, 690
Domain wall motion, in ferroelectrics, 485
Dopant imaging, by X-STM, 1015
Dopant potentials, in semiconductors, electrostatic 

fi eld measurement and, 1173–1182
Double refl ection electron emission microscope 

(DREEM), 618
Double-walled nanotube (DWNT)

electron microdiffraction pattern from, 1215
simultaneous structure analysis of, 504

Doubly symmetric electrostatic corrector (DECO), of 
spherical/chromatic aberration, 721

DPPTE. See 
1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol

DQE. See Detector quantum effi ciency
DREEM. See Double refl ection electron emission 

microscope
DSP. See Digital signal processor
DTEM. See Dynamic transmission electron 

microscope
Dual-axis tilting, for Cryo-ET, 559–560
DWNT. See Double-walled nanotube
Dynamic surface processes, STM and, 998–1003
Dynamic transmission electron microscope (DTEM), 

406
anatomy of, 407–414
applications for, 433–435
future developments for, 435–436
image quality simulation, 411
image resolution for, 423–428
lasers for, 419–421
limitations of, 421–433
photo of, 408
photoelectron guns for, 414–419
pulse compression and, 435–436
relativistic beams and, 436
sample damage with, 428–433
technologies of, 407–421
time resolution for, 421–423
TU Berlin, 409
ultrafast electron diffraction timeline development 

with, 434

EBIC. See Electron beam-induced current
EBIV. See Electron beam-induced voltage
EBSD. See Electron backscattered diffraction
ECP. See Electron channeling pattern
Edge shapes

of EELS, 326–329
labels and, for elements, 382
schematic drawing of, 326

Edge signals, extrapolation of, 344
EDS. See Energy-dispersive spectroscopy
EDXS. See Energy-dispersive X-ray spectroscopy
EELM. See Electron energy loss microscopy
EELS. See Electron energy loss spectroscopy
EFTEM. See Energy-fi ltered transmission electron 

microscopy
Einstein phonon dispersion, 93
Elastic cross sections, 312–314

Elastic electron scattering, inelastic electron 
scattering and, 310–312

Elastic vacuum tunneling, STM and, 970–972
Elastic/inelastic electron tunneling, band diagrams 

for, 973
Elastic/inelastic tunneling channels, 1114
Elastic/plastic deformation, in situ TEM, 486–500
Elastic/total inelastic angular scattering 

distributions, 316
Electric insulators, ESEM and, 135
Electrical measurement

on nanostructures, 503–504
on TEM samples, 500–503

Electrochemical cell, copper deposition using, 510
electrochemical deposition, 507–509
Electrode geometry, of symmetric unipotential lens, 

667
Electromagnetic lenses, 146
Electron backscattered diffraction (EBSD), 134

crystal structure analysis by, 252–257
patterns, from as-cast niobium specimen, 255

Electron beam, broadening of, 356
Electron beam-induced current (EBIC), SEM and, 

192–193
Electron beam-induced phenomena, 510–517

atmosphere interaction and, 511
point defects formation/clustering and, 511–513

Electron beam-induced voltage (EBIV), 192
Electron beam-specimen interaction, with LEEM, 

606–613
Electron channeling pattern (ECP), 193, 253
Electron confi nement

on nanoscale hexagonal Ag islands, 1092
in SWCNTs, 1093

Electron detectors, 148–152
strategies with, 152–154
types of, 150

Electron diffraction, dynamic models of, 90
Electron emission, schematic energy distribution of, 

166
Electron energy loss microscopy (EELM), 606
Electron energy loss spectroscopy (EELS), 68, 97–107, 

280
AEM and, 273
analysis/quantifi cation limitations in, 346–347
background in, 330–331
of Ca, 374
convergence correction and, 344–346
detection limits, 379–381
of edge shapes, 326–329
edges, background extrapolation of, 342
full spectrum for, 279
inelastic electron scattering and, 99–101
mapping of, 362–374
microanalysis, energy-fi ltered microscopy and, 

353–358
model-based quantifi cation of, 343
near-edge structure and, 385
overview of, 278–280
parallel spectrometer, schematic drawing of, 305
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Electron energy loss spectroscopy (cont.)
quantifi cation in, 341–347
quantifi cation procedures in, 341–344
quantitative imaging with, 366–370
schematic drawing of, 279
signals, spatial localization of, 101–104
spectrometer designs of, 98–99
spectrometers and, 301–307
spectrum information from, 281
spectrum schematic of, 100

Electron guns
characteristic parameters of, 145
HRTEM and, 209–221
SEM and, 143–145

Electron hole pairs, 192
Electron holography, 1141–1190

alternative forms of, 1184–1189
analysis and, 1151–1153
Co nanoparticle chains in, 1153–1156
Co nanoparticle rings and, 1157–1160
Co nanowires and, 1167–1168
cross-sectional specimens and, 1169–1171
digital acquisition and, 1151–1153
discussion on, 1189–1190
distortion correction procedure in, 1146
electrostatic fi eld measurement in, 1172–1182
experimental considerations with, 1145–1148
FeNi nanopartcle chains and, 1160–1161
high-resolution, 1182–1184
introduction to, 1141–1148
lithographically patterned magnetic 

nanostructures and, 1164–1167
magnetic fi eld measurement in, 1151–1172
magnetic/mean inner potential contributions in, 

separation of, 1156–1171
magnetite nanoparticle chains and, 1157
mean interior potential and, 1148–1150
micromagnetic simulations in, 1171–1172
montage of, 1169
NdFeB hard magnets in, 1153
off-axis, basis of, 1141–1148
phase profi le plotting in, 1149
quantitative measurements in, 1171–1172
recording setup diagram for, 1173
resolution in, 1171–1172
sample thickness measurement and, 1148–1150
space charge layers, at grain boundaries, 1182

Electron intensity dispersion, real space intensity 
plots of, 316

Electron interference, in Pb, 1012
Electron lens aberrations, in PEEM, 673
Electron lenses

HRSEM and, FESEM and, 211
SEM and, 145–148

Electron microdiffraction pattern, from double-
walled nanotube, 1215

Electron microscopy (EM), 535
applicability domains of, 1218
transfer functions of, 1233

Electron mirror, aberration corrected microscope 
using, 674–675

Electron optical confi guration
of AEM, 290–293
of illumination system, 291
of PEEM, schematic drawing of, 664
for STEM, 292

Electron optics
column design and, 109–113
for Cryo-ET, 561
LEEM and, 619–624
new developments in, 310

Electron probe current
in SEM, 147
variation in, 288

Electron probe size, variation in, 288
Electron rays, in OL, 667
Electron sources

for HRTEM, 30
for STEM, 114–117

Electron sources/probes, for AEM, 282–290
Electron spectroscopy for chemical analysis (ESCA) 

microscopy, 903
Electron trajectories, of Monte Carlo simulation, 

167
Electron tunneling, schematic energy diagram of, 

1098
Electron tunneling, hot, schematic energy diagram 

of, 1099
Electronic samples, broadening of, 350
Electronic structure, LT-STM and, 1082–1105
Electronic structure/bonding environment, ELNES 

and, 278
Electron-specimen interaction, 182

signal generation and, 163–182
Electroscan environmental scanning electron 

microscope, schematic cross section of, 239
Electrostatic correction, of chromatic aberration, 

722–723
Electrostatic fi eld measurement

in electron holography, 1172–1182
fi eld-emitting carbon nanotubes and, 1172–1173
semiconductors and, dopant potentials in, 

1173–1182
Electrostatic potential, power series expansions of, 

729–730
Electrostatic potential distribution

in semiconductor device structure, 1175
simulations of, 1179

Elemental mapping
for AEM, 358–374
color-coded, 359
of EDXS, 358–362
of NiAl multilayer, 361
of Ni-based alloy, 360

Elements, edge shapes for, labels and, 382
Element-specifi c imaging, 995–996

with atomic resolution, 996
Elevated pressure, SEM at, 237–244
Elevation angle/foil thickness, absorption length 

dependence on, 336
Elliptically polarizing undulators (EPU), 659
ELNES. See Energy loss near-edge structure
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EM. See Electron microscopy
Embedded nanostructures, size-dependent 

transformations in, 458–460
Emitted secondary electron, energy distribution of, 

660
Energy dependence

of attenuation coeffi cients µ,ν, 610
of backscattering, 608
of elastic mean free electron path, of Xe, 611
of inelastic mean free electron path, of Au, 610
of inelastic mean free electron path of Fe38, 612
resolution and, 621

Energy dispersion measurements, LT-STM and, 
1086–1090

Energy distribution, of emitted secondary electron, 
660

Energy electron distribution, chromatic correction 
and, 709

Energy fi lter, for Cryo-ET, 566–570
Energy fi lters, for HRTEM, 35–36
Energy level diagrams, 275

of sample/tip, 1072
Energy level quanta, 275
Energy loss fi ne structures, 384–399
Energy loss near-edge structure (ELNES), 101, 

385–392
calculation examples of, 391, 392
electronic structure/bonding environment and, 

278
regions/energy ranges for, 384
shape, multiple inelastic losses and, 399

Energy loss spectra, diagram of, 281
Energy-dispersive spectroscopy (EDS), 107

spectrum, 276
Energy-dispersive X-ray spectroscopy (EDXS), 68, 

134, 280
AEM and, 273
background in, 330–331
detection limits for, 375–377
detector, 293

diagram of, 294
schematic drawing of, 293

detector front, schematic drawing of, 295
detector interface, 300
detector windows for, 295–297
detector/signal processing artifacts, 298–299
elemental mapping, 358–362
features of, 249
geometry of, 299–300
instrument contributions in, 377–379
microanalysis of, 331–347, 348–353
overview of, 274–277
peak shapes and, 297–298
peak/background intensities in, 376
quantifi cation in, 331–335

elemental maps of, 352
Energy-fi ltered electron diffraction pattern, of 

Si(110), 307
Energy-fi ltered electron microscopes, schematic 

drawing of, 302
Energy-fi ltered image, of Al alloy, 354

Energy-fi ltered microscopy, EELS microanalysis and, 
353–358

Energy-fi ltered scanning transmission microscope, 
985

Energy-fi ltered transmission electron microscopy 
(EFTEM), 105

elemental mapping
expected resolution of, 373
spatial resolution of, 371–374

imaging approaches, 363
mapping, 362–365
spectrum imaging technique for, 364

Energy/fl uorescence yields, for K/L edge emission, 
838

Environmental scanning electron microscope 
(ESEM), 237–238

electric insulators and, 135
secondary electron micrograph with, 242

Environmental science applications, for X-ray 
microscopes, 896–897

Environmental secondary electron detector (ESD), 
240

Epifl uorescence micrographs, visible light and, 898
Epitaxial Fe ribbon crystals, on W(110), 647
Epitaxial/polycrystalline thin fi lm growth, 472–474
EPU. See Elliptically polarizing undulators
Equipotential contours, of PEEM, objective lens, 666
Equivalent optical confi guration, for confocal setup, 

757
ER algorithm. See Error-reduction algorithm
Error-reduction (ER) algorithm, 1199
ESCA microscopy. See Electron spectroscopy for 

chemical analysis microscopy
ESD. See Environmental secondary electron detector
ESEM. See Environmental scanning electron 

microscope
ETD. See Everhart-Thornley detector
Eukaryotic cell, ET of, 545
Everhart-Thornley detector (ETD), 149, 186, 187

BSE and, 187
schematic drawing of, 151
topographic contrast and, 184

EXAFS. See Extended X-ray absorption fi ne 
structure

Excitation supports, comparison of, 797
Exit-plane wavefunction, reconstructed modulus of, 

49
Exit-wave reconstruction

of complex oxides, 48–51
experimental geometries and, 47–48
HRTEM and, 43–51
theory of, 44–47

Expected edges, summary of, 329
Experimental geometries, exit-wave reconstruction 

and, 47–48
Expitaxially strained materials, relaxation of, 

493–495
Extended X-ray absorption fi ne structure (EXAFS), 

101
External voltage application, schematic drawing of, 

1177
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Fabrication techniques, for zone plate, 853–855
Fabry-Perot resonator, 1085
Far fi eld fl uorescence microscopy, nanoscale 

resolution in, 790–829
Fast high-voltage switches, 414
Fe atoms, in circular quantum corral, 1091
Fe fi lm, quantum size contrast of, 629
Fe islands, magnetic vortex states on, 1127
Fe stripe domain structure, in Fe/Ni/Cu(001), 681
Fe-Co alloy layer, spin reorientation transition in, 

646
FEGs. See Field-emission guns
FeNi nanopartcle chains

chemical map of, 1161
electron holography and, 1160–1161

Fe/Ni/Cu(001), Fe stripe domain structure in, 681
Fermi contour imaging

of Be(0001), 1105
of Be(1010), 1105
LT-STM and, 1104–1105

Fern fossil
backscattered electron micrograph of, 205
secondary electron micrograph of, 205

Ferroelectrics
domain wall motion in, 485
switching, 483–485

Ferromagnetic domains, imaging of, 680–681
Ferromagnetic materials, magnetic domain 

structure/motion in, 476–481
Ferromagnets, linear dichroism imaging of, 

685–686
FESEM. See Field-emission scanning electron 

microscopy
FET. See Field effect transistor
FFP. See Front-focal plane
FIB. See Focused ion beam
Fibroblast, human, with immunogold labeling, 893
Fibroblast imaged, in frozen-hydrated state, 893
Field effect transistor (FET), 295
Field ion microscopy (FIM), 974
Field-emission electron gun, schematic drawing of, 

286
Field-emission guns (FEGs), 112, 117, 134, 1141

schematic drawing of, 210
Field-emission scanning electron microscopy 

(FESEM), 134, 209
contrast formation and, 212–214
detection geometries and, 211
detectors and, 211
HRSEM and

electron guns and, 209–210
electron lenses and, 211

modern high-resolution, 135
resolution and, 212–214
specimen stages and, 212

Field-emitting carbon nanotubes, electrostatic fi eld 
measurement and, 1172–1173

50eV electrons, angular distribution of, 607
FIM. See Field ion microscopy
Finite element calculation (FEM), 33

Finite source size, STEM and, 118–119
FITC. See Fluoresceine isothiocyanate
Fixed 3T3 cell, AFM image of, 1049
FLM. See Fluorescence light microscopy
Fluoresceine, 178
Fluoresceine isothiocyanate (FITC), 178
Fluorescence, 754–755

correction, 340
defi nition of, 339
focal spot, STED and, 822
yield, of X-rays, 180

Fluorescence light microscopy (FLM), 149
Fluorescence resonance energy transfer (FRET), 1049
Fluorescent dyes, multiple excitation of, 775
Fluorescent molecules

under TPE regime, 765–767
two-photon cross sections for, 767

Fly head/eye, micrograph of, 142
FM-AFM. See Frequency-modulated atomic force 

microscope
Focus depth, of SEM, 142
Focused ion beam (FIB)

of color fi lm, secondary electron micrograph of, 
200

SEM and, 196, 197, 200
of tyre, secondary electron micrograph of, 200

Focusing optics, of zone plate X-ray microscopes, 
840–843

Foil correctors, aberration correctors and, 716–718
Foil lens, schematic drawing of, 717
Force dependent surface tomography, of 

bacteriohodopsin, 1036
Force v. distance curve, 1034

with DLVO force, 1039
Force v. penetration depth, parameter plot of, 1035
4Pi-microscopy

lobe removal/deconvolution in, 807
OTF of, 799–803

Fourier domain, schematic sectors of, 558
Fourier optics treatment, partial incoherence and, 

878–880
Fourier space, density problem sampling in, 

illustration of, 581
Fourier transform spectroscopy, on Bi2Sr2CaCu2O8+δ, 

991
Free-standing nanoparticles, phase transformations/

sintering in, 461–463
Frequency response

of closed feedback loop, in AFM, 1045
of commercial scanner, 1044
of silicon nitride cantilever, 1044

Frequency space, OTF and, 793
Frequency-dependent oscillator strength, for on/

gold, 837
Frequency-modulated atomic force microscope 

(FM-AFM)
of GaAs<110>, 940–942
NC-AFM and, 935–937
of semiconductors, 940–942
of Si, 940–942
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Fresnel zone plates
introduction to, 844–846
zone plate effi ciency and, 851–853
zone plate image quality and, 846–850
zone plate X-ray microscopes and, 844–862

FRET. See Fluorescence resonance energy transfer
Front-focal plane (FFP), 70
Frozen-hydrated state, whole fi broblast imaged in, 

893
Full width at half-maximum (FWHM), 72, 73

of confocal PSFs, 759
Functionalized tip, chemical contrast with, 1109
FWHM. See Full width at half-maximum

Ga thermometer, 451
GaAs(110)

ADF detector images, 95
bias-dependent STM on, 986
FM-AFM of, 940–942
local normalized conductance spectra on, 987

Gaseous secondary electron detector (GSED), 240
Gaussian distribution functions, 16
Gd, spectrum imaging for, 105
Gd(0001), spin-polarized STM on, 992
Ge

2D to 3D morphology transition of, 981
STM imaging of, 979

Ge(105), surface structure identifi cation of, 1019
Ge island nucleation, 473
General oscillator strength (GOS)

angular/energy dependence of, 321–323
two-dimensional angular/energy distribution, 

322
Germanium test pattern, amplitude/phase contrast 

images of, 873
Ge/Si (105), atomic resolution, NC-AFM/STM/KFM 

on, 959
Glass knife, secondary electron micrograph of, 234
Glass micropipette, secondary electron micrograph 

of, 233
Gold(100), lower bound of standard deviation for, 

1257
Gold balls

SEM image of, 1213
soft X-ray transmission diffraction pattern from, 

1212
Goniometer

for HRTEM, 34–35
tilt stage, for Cryo-ET, 562–563

GOS. See General oscillator strength
Grain boundaries, at space charge layers, in electron 

holography, 1182
Grain boundary motion, grain growth and, 453
Grain growth

grain boundary motion and, 453
phase transformations and, 448, 452

Graphite, NC-AFM of, 943
Growth process, 513–514
GSED. See Gaseous secondary electron detector
Gun anodes, 286

H atmosphere, dislocation in, 492
Hard X-ray zone plates, 859–861
    aberration, size of, 849 

image of, 860
Helicoidal biological sample, 3D views of, 762
Heterostructures, buried interfaces and, 1007–1016
HFEG. See Hot fi eld emission gun
HfO2, from magnetic tunnel junction, off-axis 

electron holography and, 1170
High energy incident electrons, signals from, 274
High speed electron microscopy, 406–437

uses of, 406
High vacuum (HV), 135
High-energy X-rays, depth-of-focus limit and, in x-

ray microscopes, 887–888
Higher-order Laue zone (HOLZ), 93
High-resolution constant height images, of CaF2, 

944
High-resolution electron holography, 1182–1184
High-resolution micrographs

of aluminum oxide, 221
of PVME, 221

High-resolution scanning electron microscopy 
(HRSEM)

with FESEM, 213
FESEM and, 209–221

electron lenses and, 211
selected applications of, 214–221

High-resolution transmission electron microscopy 
(HRTEM), 3

aberration correctors and, 39–42
advances in, 5
of aluminum crystal, 1249, 1250
axial diffractograms images from, 20
coherence and, 26–29
detectors and, 36–39
diffractogram measurements and, 21–22
electron guns and, 209–221
electron sources for, 29–31

physical properties of, 30
energy fi lters for, 35–36
essential theory of, 8–29
exit-wave reconstruction and, 43–51
future prospects on, 57–58
goniometer for, 34–35
historical summary of, 6–8
image formation and, 8–13

optical ray diagram schematic of, 9
image simulation of, 51–57
information limit of, 14
instrumentation for, 29–43
isoplanatic aberration coeffi cients in, 18
of lattice matched heterojunction between InP 

and As, 5
monochromators and, 40, 42–43
of nanocrystaline gold particle, 6
nanoscale materials and, 5
optics for, 32–34
PCD and, 12
PCTF and, 14
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High-resolution transmission electron microscopy 
(cont.)

photo of, 4
POA and, 9
prevalence of, 3
resolution limits of, 13–17
specimen stages for, 34–35
spherical aberration and, 32
statistical experimental design of, 1256–1258
studies on, 3–5
TCC and, 27–28
tilt-induced displacements and, 21
twins, stacking faults image from, 4
wave aberration function and, 17–26
WPOA and, 10

HIO algorithm. See Hybrid input-output algorithm
Histogram, of CCC, 586
Hologram reconstruction, 1143–1145
HOLZ. See Higher-order Laue zone
Homoepitaxial growth, of Si(100), 633
Hot fi eld-emission gun (HFEG), 210
HRSEM. See High-resolution scanning electron 

microscopy
HRTEM. See High-resolution transmission electron 

microscopy
HV. See High vacuum
Hybrid input-output (HIO) algorithm

diffractive imaging and, 1199–1200, 1205–1211
variants of, 1205–1211

Idealized structures, zone plate effi ciency and, 
851–853

IETS. See Inelastic electron tunneling spectroscopy
ILDOS. See Integrated local density of states
Illumination system, electron optical confi guration 

and, 291
Image contrast, 883

in XPEEM, 661–663
Image interpretation, tip and, 937–939
Image resolution, for DTEM, 423–428
Image simulation

of HRTEM, 51–57
multislice formalism and, 52–57

Imaging buried heterostructures, cross-sectional 
STM and, 1013–1016

Imaging modes, of AFM, 1046–1048
Imaging radiation dose, for protein features, 840
Imaging-to-diffraction mode, in STEM column, 

110–112
Immunogold labeling, human fi broblast, 893
Implants, investigation of, 207
“In lens” detection, 154

schematic drawing of, 155
In situ imaging, of catalysts, 468
In situ indentation/straining, of thin fi lms, 

495–496
In situ transmission electron microscopy, 445–516

catalysis and, 466–467
defi nition of, 445–447
elastic/plastic deformation in, 486–500

future outlook for, 517–518
grain boundary dynamics in, 452
magnetic/ferroelectric/superconducting materials 

in, 476–486
phase transformations and, 447–462

crystallization and, 448–449
grain growth and, 448, 452
melting and, 448–449
in nanostructured materials, 458–463

structural phase transitions in, 453–457
superconducting materials in, 481–483
surface reactions and, crystal growth, 463–476

Incoherent illumination, with TXM, schematic 
drawing of, 877

Incoherent imaging, 103
CTEM and, 84–90
v. beam current, 119

Incoherent optical transfer function, plot of, 121
In-column energy fi ltered microscope, schematic 

drawing of, 304
In-column spectrometer confi gurations, 303
Inelastic electron scattering

diagram of, 319
EELS and, 99–101
elastic electron scattering and, 310–312
localization of, 358
processes of, 312

Inelastic electron tunneling spectroscopy (IETS), 
993

local, 1114–1119
Inelastic imaging, spatial localization of, 101–104
Inelastic mean free electron path, of Au, energy 

dependence and, 610
Inelastic mean free electron path of Fe38, energy 

dependence of, 612
Inelastic scattering cross sections, 314–320
Inelastic tunneling, vibrational spectroscopy and, 

993–994
Inelastic vacuum tunneling, 973
Information limit, of HRTEM, 14
In-plane magnetization, domain images of, 690
Instrument noise, in AFM, 1045–1046
Instrumentation

for AEM, 282–300
for AFM, 1030–1052
for Cryo-ET, 550, 560–576
for HRTEM, 29–43
of LEEM, 614–619
for SPLEEM, 614–619
for STM, 975–976

Integrated circuits
studies in, 901
tomographic imaging of, 901
with vertical cross sections, 198
Zernike phase contrast of, 900

Integrated local density of states (ILDOS), 1071
oscillations, bias-dependent evolution of, 1087

Interfaces/grain boundaries, geometry analysis for, 
338

Interference detection, with ADF detector, 86
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Interferometric TXM image, of polystyrene spheres, 
900

Intermediate layer, hexagonally packed, 1056
Intermediate/projective lens, on PEEM, 666–668
Intermittent contact atomic force microscope, 930
Intermittent contact mode, of AFM, 1047–1048
Intermixing, in small particles, 462
Intrinsic amplitude, Zernike phase contrast and, in 

protein, 876
Inverse photoemisson spectroscopy (IPES), 1082, 

1120
Ion dependence, of DLVO force, 1054
Ion implantation, 514–515
Ion/electron beam-induced processes, 510–517
Ions at solid-liquid interfaces, specifi c interaction of, 

1038
IPES. See Inverse photoemisson spectroscopy
Iron oxide clusters, XPEEM image of, 662
Irradiation damage, 513
Isoplanatic aberration coeffi cients

accuracy of, 19
in HRTEM, 18

Isoplanatic approximation, 17

K edges, trends in, 327
KAFe, experimental factors of, 334
KBr, NC-AFM of, 943–944
Kelvin force microscopy (KFM), 946

of Σ5 grain boundary n SrTiO3 (100), 949
Kelvin probe force microscopy (KPFM), 945
Keratinocyte, secondary electron micrograph of, 

236
K-factor approach, 346
KFM. See Kelvin force microscopy
K/L edge emission, energy/fl uorescence yields for, 

838
Kondo effect, LT-STM and, 1102–1104
Kondo resonance, spectroscopic signature of, 1103
KPFM. See Kelvin probe force microscopy
Kramer’s constant, 179

L23 edge, trends in, 328
La B6. See Lanthanum hexaboride
La FeO3, magnetic contrast in, 683
Lander molecule

chemical structure of, 1110
on Cu(111) surface column, 1111

Langmuir-Blodgett fi lms, AFM and, 1056–1057
Lanthanum hexaboride (La B6), 144
Large detector incoherent, BF STEM, 82
Large-area atom-resolved, STM, 981
Laser(s)

for DTEM, 419–421
sources, for TPE, 773

Laser emission time scale, for TPE, 773
Laser scanning microscopy (LSM), 1049

confocal principles and, 755–757
Laser-synchrotron, pulse sequence in, 687
Lateral atom manipulation, mechanisms of, 1004
Latex-beads, tapping mode imaging of, 1048

Lattice displacements, in crystal strain, 93
Lattice imaging, in BF STEM, 79–81
Lattice matched heterojunction between InP/As, 

HRTEM of, 5
Lattice mismatch strain, during Si1-xGex/Si(001) 

heteropitaxy, 982
LCD. See Liquid crystal display
LCF. See Local cross-correlation function
LDOS. See Local density of states
Leaf cuticula, secondary electron micrograph of, 

237
LEED. See Low-energy electron diffraction
LEELM. See Low-electron energy loss microscopy
LEEM. See Low-energy electron microscopy
Lens aberrations, 33
Lens-free imaging, depth-of-focus limit and, in 

x-ray microscopes, 888
Lensless imaging. See Diffractive imaging
LHe continuous-fl ow cryostat, STM with, 1074–1076
Lifetime measurements, LT-STM and, 1093–1100
Linear dichroism

imaging, of ferromagnets, 685–686
magnetic circular and, 678–680

Lipid raft, size/temporal stability of, 1064
Liquid crystal display (LCD), 139
Liquid fi lm, imaging under, 506–507
Liquid phase processes, 505–510

reaction in situ, 508
Lithographed letters, soft X-ray transmission 

diffraction pattern from, 1211
Lithographically patterned magnetic 

nanostructures, electron holography and, 
1164–1167

Lobe removal/deconvolution, in 4pi microscopy, 
807

Local cross-correlation function (LCF), 585
Local density of states (LDOS), 1071

oscillations, 1082–1086
on Ag(111), 1089
bias-dependent evolution of, 1087

Local element analysis, 134
Local impedance spectra, Cole-Cole plot of, 953
Local inelastic electron tunneling spectroscopy, 

1114–1119
Local I-V measurements, current imaging tunneling 

spectroscopy, 986–989
Local magnetic induction, phase contours of, 1162
Local normalized conductance spectra, on 

GaAs(110), 987
Locally probing macromolecular, cellular samples 

and, 1058–1064
Lorentz image, of NdFeB hard magnets, 1154
Low magnifi cation bright-fi eld image, of self-

assembled Co nanoparticle, 1159
Low vacuum (LV), 135
Low voltage scanning electron microscope (LVSEM), 

148, 221–237
contrast formation for, 225–226
detectors/detection strategies for, 225
selected applications for, 226–237
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Low-electron energy loss microscopy (LEELM), 615
Low-energy electron diffraction (LEED), 605

spot movements, drawing of, 627
Low-energy electron microscopy (LEEM), 605–647

applications of, 630–642
background on, 630–631
beam separator for, 622
cathode lenses confi gurations for, 620
commercial instrument of, 616
contrast mechanisms with, 624–630
cross section of, 616
electron beam-specimen interaction with, 

606–613
electron optics and, 619–624
fl ange-on, schematic drawing of, 617
instrument schematic of, 614
instrumentation for, 614–619
lenses resolution for, 620
metal layers on metals and, 639–640
metal surface reactions and, 640–641
metal surfaces in, 638–639
nitrides and, 641
oxides and, 641
phase contrast imaging in, conditions for, 628
Si(100) and, 632–634
Si(111) surface with, 631–632

Lower bound of standard deviation
distance measurement of, 1247
of gold(100), 1257
for spherical aberration, 1256

Low-loss region, 100
Low-loss spectroscopy, 393–399

applications of, 394–399
fundamentals of, 393–394
variation example of, 396

Low-temperature scanning tunneling microscopy 
(LT-STM), 1070–1132

Abrikosov fl ux lattice and, 1130
applications of, 1081–1132
design drawing of, 1080
design principle illustration of, 1081
design principles of, 1073–1081
electronic structure and, 1082–1105
energy dispersion measurements and, 1086–1090
Fermi contour imaging and, 1104–1105
Kondo effect and, 1102–1104
lifetime measurements and, 1093–1100
magnetic atoms at surfaces and, 1102–1104
schematic drawing of, 1079
single atom and, molecule manipulation, 

1105–1114
SP-STM and, 1125–1132
stark effect and, 1100–1101
STM-induced photo emission and, 1119–1125
superconductivity and, 1129–1132

Low/variable-temperature STM, photo of, 1077
LSM. See Laser scanning microscopy
LT-STM. See Low-temperature scanning tunneling 

microscopy
Lutetium, cluster analysis of, 898

LV. See Low vacuum
LVSEM. See Low voltage scanning electron 

microscope

Macromolecular complexes, identifi cation strategies 
of, 584

Macromolecular samples, for AFM, 1053–1057
Macromolecules, detection/identifi cation of, 584
Magnetic atoms at surfaces, LT-STM and, 

1102–1104
Magnetic circular, linear dichroism and, 678–680
Magnetic contrast

in La FeO3, 683
scheme of type-1, 195
SEM and, 194–195
types of, 194–195

Magnetic detection of electrons, schematic drawing 
of, 154

Magnetic domain imaging, 678–686
of Co/NiO, 683

Magnetic domain structure/motion, in 
ferromagnetic materials, 476–481

Magnetic fi elds
early experiments in, 1151
measurement, in electron holography, 1151–1172

Magnetic force microscopy (MFM), 1126
Magnetic materials

applications of, for X-ray microscopes, 903–905
phase transformations in, 482
phase transitions in, 480–481

Magnetic random access memory (MRAM), 678
Magnetic vortex states, on Fe islands, 1127, 1128
Magnetic/ferroelectric/superconducting materials, 

for in situ transmission electron microscopy, 
476–486

Magnetic/mean inner potential contributions, 
separation of, 1156–1171

Magnetite nanoparticle chains, electron holography 
and, 1157

Magnetization reversal, of Co/LaFeO3, 684
Magnetooptical Kerr effect (MOKE) microscopy, 

1126
Magnetotactic microorganism, cellular cryo-ET of, 

543
Magnifi cation calibration, for SEM, 162–163
MAL. See Maximum likelihood
Manganese nodule, chemical imaging of, 663
Material contrast, SEM and, 189–191
Materials science

applications, of X-ray microscopy, 897–903
scanning probe microscopy in, 929–960

Maximum likelihood (MAL), 46
estimation/resolution and, 1248–1252

MDFF. See Mixed dynamic form factor
Mean interior potential

electron holography and, 1148–1150
phase contours of, 1158
of representative materials, in volts, 10

Mean ionization potential, Bethe stopping power 
and, for carbon/protein, 206
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Mechanical decoupling, of copper braid, 1075
Melting, phase transformations and, 448–449
MEM. See Mirror electron microscopy
MEMS. See Microelectromechanical systems
Metal layers on metals, LEEM and, 639–640
Metal surfaces

in LEEM, 638–639
reactions of, LEEM and, 640–641

Metal-induced crystallization, 449
Metallic emitters, photoelectron guns and, 417–419
Metastable impact electron emission microscopy 

(MIEEM), 618, 642
MFM. See Magnetic force microscopy
Microanalysis

detection limits in, 374–384
resolution in, 348
in SEM, 246–252

Microchannel plate detector, 151
Micro-diffraction pattern, 73
Microelectromechanical systems (MEMS), 207
Micromagnetic simulations, in electron holography, 

1171–1172
Microscopic phenomenon, during deformation, 

487–493
Microtechnology, 207
Microtubulis, in vitreous ice, imaging of, 568
MIEEM. See Metastable impact electron emission 

microscopy
MIMAPI. See Multiple input maximum a posteriori
Mirror correctors, 725–726
Mirror electron microscopy (MEM), 606
Mixed dynamic form factor (MDFF), 102
Mixed quadrupole correctors, chromatic aberration 

correctors and, 719–723
Modulation transfer function (MTF), 37, 878

CCD cameras and, 40
formula for, 38
NTFs and, 37
of PEEM, 670
for STXM imaging, 878

MOKE microscopy. See Magnetooptical Kerr effect 
microscopy

Molecular conformation identifi cation, of Cu-DTBPP, 
1019

Molecular fl uorescence, 1122
Molecular vibrational spectra, with STM, 1117
Molecular wavefunctions, in carbon nanotube, 

1095
Molecular wire contact, to step, 1111
Molecule cascades, 1005
Molecule manipulation, single atom and, LT-STM 

and, 1105–1114
Monatomic steps, on MO(101) surface, 627
Monochromators, 307–308

HRTEM and, 42–43
implementations of, 308
visibility peak from, 309
ZL peak from, 309

Monte Carlo simulation, of electron trajectories, 167
MO(101) surface, monatomic steps on, 627

MRAM. See Magnetic random access memory
MTF. See Modulation transfer function
Multilayered fi lm in situ, magnetization of, 479
Multiphase/composite/layered materials, 

deformation of, 490–493
Multiple inelastic losses, on ELNES shape, 399
Multiple input maximum a posteriori (MIMAPI), 

46
Multislice algorithm, schematic diagram of, 52–57
Multislice formalism

image simulation and, 52–57
phonon scattering and, 92

Multispecimen chamber/cartridges, 564
Multiwalled nanotube (MWNT), 504
MWNT. See Multiwalled nanotube

Nanobelt, mechanical properties of, 499
Nanocrystalline gold particle, HRTEM of, 6
Nanoelectromechanical systems (NEMS), 221
Nanoimpedance microscopy (NIM), 952
Nanoindentation, of steel, 496
Nanomanipulation, tribology and, 497–498
Nanoparticle melting, 459
Nanoscale materials, HRTEM and, 5
Nanoscale resolution, in far fi eld fl uorescence 

microscopy, 790–829
Nanosecond multiframe operation, 407
Nanostructured materials, phase transformations 

in, 458–463
Nanostructures

beam-vapor interaction and, 512
electrical measurement on, 503–504
mechanical properties of, 495–500, 498–500
from surface mobility, 466

“Nanotip” models, in scanning probe microscopy, 
938–939

Nanowires
electrical properties of, 505
self-assembly of, at step edges, 1112

Nb M45 edges, Ba M45 edges and, 330
NC-AFM. See Noncontact atomic force microscope
NdFeB hard magnets

in electron holography, 1153
Lorentz image of, 1154

Near fi eld optical microscopy, 929
Near-carbon-edge absorption spectra, of amino 

acids, 890
Near-edge structure

EELS and, 385
examples of, 386, 387

Near-fi eld microwave microscopy (NFMM), 956
NEMS. See Nanoelectromechanical systems
Neuronal cell, 1029
NFMM. See Near-fi eld microwave microscopy
Ni grain boundary, S segregation at, 351
NiAl, phase stability in, 454
NiAl multilayer, elemental mapping of, 361
Ni-based alloy, elemental mapping of, 360
Ni-Fe fi lm, XMCD of, 905
NIM. See Nanoimpedance microscopy
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Nion quadrupole-octopole corrector, schematic 
drawing of, 712

NiS2/Si(001)<110> interface, ADF imaging of, 95
Nitrides, LEEM and, 641
Noise transfer functions (NTFs), 37
Noncontact atomic force microscope (NC-AFM), 

930
AM-AFM and, 934–935
applications of, 939–944
block diagram of, 931
of CaF2, 943–944
of dielectrics, 943–944
FM-AFM and, 935–937
of graphite, 943
of KBr, 943–944
operational principles of, 930–933
of Si(100), 942
of Si(111), 936
of SrTiO3, 939–940
techniques of, 934–937
of TiO2(100), 941

Noncontact mode, of AFM, 1046–1047
Noncrystalline materials, ronchigrams of, 77–78
Nonpurifi ed samples, imaging of, 589
Normal incidence specular refl ectivity, of W(110) 

surface, 608
NTFs. See Noise transfer functions
Nuclear magnetic resonance (NMR), 1027
Nucleation, surface step structure growth and, 631
Nyquist frequency, 56

O2-mediated diffusion, of oxygen vacancies, on 
TiO2(110), 999

Object function, 89
Objective aperture, 80, 113
Objective lens (OL)

condenser and, 110
electron rays in, 667
of PEEM, 665

Objects, diffractive imaging and, 1201–1205
Off-axis electron holography

basis of, 1141–1148
of Co particles, 1155
from magnetic tunnel junction, of HfO2, 1170
ray diagram of, 1186
schematic drawing of, 1142
from thin crystal, 1144

OIM. See Orientation imaging microscopy
OL. See Objective lens
1s state for, Si(100)/gold(100), 1255
Operating environment, for STM, 973–975
Optical microscopy, AFM and, 1049–1050
Optical path function analysis, zone plate image 

quality and, 846–847
Optical system, schematic drawing of, 725
Optical transfer function (OTF), 88, 791, 878

of 4Pi-microscopy, 799–803
excitation/detection/effective modulus overview 

of, 800
frequency space and, 793

Optics, for HRTEM, 32–34
Orders number, of zone plates, 845
Orientation imaging microscopy (OIM), 255
OTF. See Optical transfer function
Outer shell excitations, 320
Oxidation

of block oxide structure, 470
of surface, 467–469

Oxides
LEEM and, 641
SPM of, 939, 940

Oxygen vacancies, of O2-mediated diffusion, on 
TiO2(110), 999

Oxygen/CO, STM of, 1109

Parabolic mirrors, 152
Parallel electron energy-loss spectroscopy (PEELS), 

99
Parallel pencil beam, 111
Parametric statistical models of observation, 

statistical model-based resolution with, 
1242–1244

Parasitic aberrations, 705–706
Partial coherence

contrast transfer and, 880–882
reciprocity and, 882
transfer functions, for 1D object, 881
in X-ray microscopes, 876–884

Partial incoherence, Fourier optics treatment and, 
878–880

Partial volume, depth-of-focus limit and, in x-ray 
microscopes, 886

Partial/total ionization cross sections, 323–325
Patterned substrates, crystal growth on, 474, 475, 

476
Pb, electron interference in, 1012
Pb growth, on Si(111), 636
PbTiO3, vertical phase/amplitude hysteresis loops 

of, 955
PCD. See Projected charge density
PCF. See Phase correlation function
PCF/PCI approach. See Phase correlation function/

phase contrast index function approach
PCTF. See Phase contrast transfer function
Pd atoms, diffusion kinetics of, 1002
Peak shapes, EDXS and, 297–298
Peak/background intensities, in EDXS, 376
PEELS. See Parallel electron energy-loss 

spectroscopy
PEEM. See Photoemission electron microscopy
Periodic artifacts removal, through deconvolution, 

803–807
Periodic dielectric constant, 958
PFM. See Piezoelectric force microscopy
Phase change materials, amorphous to crystalline 

transformation in, 450
Phase component maps, STEM images and, 368
Phase contours

of local magnetic induction, 1162
of mean inner potential, 1158
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Phase contrast imaging
in BF STEM, 81–82
in LEEM, conditions for, 628

Phase contrast index function (PCI)
HRTEM and, 24
for mismatched values, 25

Phase contrast layout, of TXM, 868–870
Phase contrast transfer function (PCTF), 82

HRTEM, 14
plottings of, 15

Phase correlation function (PCF)
defocus difference and, 24
relative defocus and, 23–24
XCF and, 23

Phase correlation function/phase contrast index 
function (PCF/PCI) approach, 25

Phase diagram, of water, 238
Phase differences, step contrast for, 629
Phase identifi cation, by dark-fi eld imaging, 626
Phase object approximation (POA), HRTEM and, 9
Phase problem, in optics, 1197
Phase profi le plotting, in electron holography, 1149
Phase stability, in NiAl, 454
Phase transformations

amorphization and, 448–449
crystallization and, 448–449
grain growth and, 448, 452
in magnetic material, 482
melting and, 448–449
in nanostructured materials, 458–463
of silicide, 457
sintering and, in free-standing nanoparticles, 

461–463
in situ transmission electron microscopy and, 

447–462
solid-liquid interface and, 450–453
solid-to-liquid transformation and, 450–453

Phase transitions, in magnetic materials, 480–481
Phase-only fi ltering (POF), 585
Phonon scattering, 91

multislice formalism and, 92
Phospholipid/protein fi lm, secondary electron 

micrograph of, 229, 230
Photoelectron guns, for DTEM, 414–419

materials for, 416–419
metallic emitters and, 417–419
semiconducting emitters and, 416–417

Photoemission, XPEEM and, 659–661
Photoemission electron microscopy (PEEM), 606, 

657–691
aberration correction of, 671–677
electron lens aberrations in, 673
electron optical confi guration of, schematic 

drawing of, 664
equipotential contours, objective lens, 666
history of, 657–658
intermediate/projective lens on, 666–668
layout of, 659
MTFs of, 670
objective lens of, 665

schematic drawing of, 676
spatial resolution of, 668–675
time-resolved, layout of, 688
transmission of, 668–675
uncorrected, 664–671
X-ray sources for, 658–667

Photoluminescence (PL), 1120
Photomultiplier tube (PMT), 755
Photon maps, atomic scale detail in, 1122
Physisorption/DLVO force, for AFM 

macromolecular samples, 1054
Physisorption/hydrophobic/hydrophilic interaction, 

AFM and, 1055
Piezoelectric force microscopy (PFM), 945

contrast mechanism maps of, 957
PZT capacitor and, 955
working principle of, 953

Piezoresponse (PR), 954
PL. See Photoluminescence
Planar zone plate

contour plot of, 853
Seidel aberration of, 851

Planar zone plates, contour effi ciency plot of, 854
Plasma display cell, SPEM of, 903
Plasma energy, variation of, 395
Plasmon, 100
Plunge freezing instrumentation, Cryo-ET and, 550
Plunge freezing process steps, Cryo-ET and, 551
PMMA. See Polymethyl methacrylate
PMT. See Photomultiplier tube
POA. See Phase object approximation
POF. See Phase-only fi ltering
Point defects formation/clustering, electron beam-

induced phenomena and, 511–513
Point image, simulation experiment of, 1240
Point spread function (PSF), 412, 759, 791

STED and, 820
variations in

with focusing depth, 760
with mismatch conditions, 760

Polycrystalline Au/n-Si(001), BEEM on, 1009
Polycrystalline materials

crystallographic characterization of, 134
deformation in, 487–490

Polycrystalline sample, cross section of, 193
Polycrystalline ZnO, transport imaging in, 948
Polyfi n-polycarbonate polymer composite, section of, 

369
Polymers, X-ray transmission spectromicroscopy of, 

899
Polymethyl methacrylate (PMMA), secondary 

electron micrograph of, 208
Poly-N-isopropylacrylamide ( PNIPA Am), 

secondary electron micrograph of, 235
Polystyrene spheres, interferometric TXM image of, 

899
Polyvinyl methyl ether (PVME), high-resolution 

micrographs, 221
Pore protomers, 1063
Position measurement, with CRLB, 1245–1246



I18 Index

Postcolumn imaging fi lter, 306
Power series expansions

of electrostatic potential, 729–730
of vector potential, 730

PR. See Piezoresponse
Precipitate growth mechanism, 460
Primary electrons, 141
Principle of reciprocity, 80
Prism spectrometer system, 301
Probe electron density, real space intensity 

distribution of, 315
Probe function, 71
Probe intensity, 103
Probe profi le plots, with chromatic defocus 

spreads, 122
Probing buried interfaces I, 1007–1012
Probing buried interfaces II, 1012–1013
Projected charge density (PCD), HRTEM and, 12
Projection-slice theorem, 579
Propagation-based phase contrast, 884
Protein

features, imaging radiation dose for, 840
surface layer, secondary electron micrograph of, 

216
Zernike phase contrast in, intrinsic amplitude 

and, 876
PSF. See Point spread function
Pulmonary surfactant, AFM and, 1060–1061
Pulse compression, DTEM and, 435–436
Pulse sequence, in laser-synchrotron, 687
Pulsed circuit, waveguide image and, 688
Punkt1, 248
PVME. See Polyvinyl methyl ether
PZT capacitor, PFM and, 955

Quadrupole, 700–701
Quadrupole corrector, schematic drawing of, 712
Quadrupole-octopole correctors, spherical 

aberration correctors and, 712–715
Quantitative measurements, in electron 

holography, 1171–1172
Quantum effi ciencies, of less sensitive metals, 

420
Quantum size contrast, of Fe fi lm, 629
Quantum size effects, 1012–1013

Radial artery, secondary electron micrograph of, 
207

Radiation damage, SEM and, 201–203
Radiation sensitivity, Cryo-ET and, 554–557
Radiation-induced dislocation glide, 515
Radiation-induced dislocation motion, 514
Radiolarian, stereopair of, 161
Raft proteins, diffusion coeffi cients for, 1064
Ray aberrations, zone plate image quality and, 

847
Rayleigh defi nition, of resolution, 353
Rayleigh resolution, 1229–1230

diffraction limit and, 1231–1234
RC. See Ring cluster

Real space intensity distribution, of probe electron 
density, 315

Real space intensity plots, of electron intensity 
dispersion, 316

Real structures, zone plate effi ciency and, 853
Rec-DNA complex, STM tomographies of, 1026
Reciprocal inelastic mean free path, 612
Reciprocity, partial coherence and, 882
Reconstructed modulus, of exit-plane wavefunction, 

49
Reconstruction, Cryo-ET and, 577–582
Reference image plane, 25
Regions/energy ranges, for ELNES, 384
Relative defocus, PCF and, 23–24
Relativistic beams, DTEM and, 436
Resistivity correlation, with structure, 502
RESOLFT. See Reversible saturable optically linear 

fl uorescence transition
Resolution, 1228–1261

calculations for, parameter defi nitions for, 350
coherence and, 883–884
for CXDI, 1221–1223
deterministic model-based, 1236–1240
discussion of, 1260–1262
electron holography in, 1171–1172
energy dependence and, 621
FESEM and, 212–214
introduction to, 1228–1229
limits, 791–795

acceptance angle and, 621
HRTEM of, 13–17
of STEM, 117–125

maximum likelihood estimation and, 1248–1252
partial coherence and, 881
Rayleigh, 353, 1229–1230
SEM and, 182–195
Sparrow, 1230
in spatial frequency domain, 1230–1236
statistical experimental design and, 1252–1258
statistical model-based, 1240–1258
three-dimensional optical sectioning and, 761–763
two-point, 1229–1230
ultimate model-based, 1258–1259
variation, electron beam thickness and, 352

Resolution-determining zone plates, 855–856
Resolution/transmission, of aberration corrected 

PEEM microscope, 677–678
Reversible saturable optically linear fl uorescence 

transition (RESOLFT), 795
large saturation factors, at low powers, 826–827
principle of, 813

Ribosome(s), mapping of, 585
70S ribosome, averaged structure of, 588
Ring cluster (RC), 637
Road lines, secondary electron micrograph of, 205
Ronchigrams

of Au nanoparticles, 78
coherent convergent beam electron diffraction 

and, 73–78
of crystalline materials, 74–76
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of noncrystalline materials, 77–78
schematic of, 76

Rotational ellipsoidal mirror, 152
Rutile TiO2(110), STM on, 999

S segregation, at Ni grain boundary, 351
SAD. See Selected area diffraction
Sample. See also Specimen

damage, with DTEM, 428–433
deformation, AFM and, 1034–1037
environment, for AFM, 1051–1052
preparation

for AFM, 1052–1058
with Cryo-ET, 547–549

for STM, 973–975
thickness measurement, electron holography and, 

1148–1150
tip, energy level diagrams of, 1072

Saturated environment, imaging in, 506–507
SBZ. See Surface Brillouin zone
Scanners

for AFM, 1050–1051
commercial, frequency response of, 1044
elements of, AFM natural frequencies for, 1043

Scanning capacitance microscopy (SCM), 949
Scanning electron acoustic microscopy (SEAM), 182
Scanning electron microscope (SEM), 65, 133–257

abbreviations with, 135–137
AE and, 181
applications for, 203
attached equipment for, 155–157
CL and, 177
of Co dots, 1166
contamination and, 201–203
contrast formation and, 182–195
conventional, 139–208
crystal orientation contrast and, 193
digital imaging recording with, 157–158
EBIC and, 192–193
electron guns and, 143–145
electron lenses and, 145–148
electron probe current in, 147
at elevated pressure, 237–244
FIB and, 196, 197, 200
focus depth of, 142
of gold balls, 1213
life science applications of, 203
magnetic contrast, 194–195
magnifi cation calibration for, 162–163
material contrast and, 189–191
microanalysis in, 246–252
radiation damage and, 201–203
resolution and, 182–195
SEs and, 169–172
in situ treatments for, 203
special topics on, 157–163
specimen applications for, 201
specimen preparation for, 195–201
specimen stages for, 155–157
specimen tilting with, 158–162

stereo imaging with, 158–162
symbols with, 137–139
tilt compensation/dynamic focusing in, 159, 160
topographic contrast and, 183–189
voltage contrast and, 191–192
X-rays and, 178–180

Scanning fl uorescence X-ray microscope (SFXM), 
layout of, 873–875

Scanning force microscopy (SFM), 933
Scanning gate microscopy (SGM), 950
Scanning impedance microscopy (SIM), 950
Scanning low-energy electron microscopy (SLEEM), 

221–222
Scanning Microscope Analysis and Resolution 

Testing (SMART), 183–189
Scanning near-fi eld optical microscope (SNOM), 

1031
Scanning photoemission microscope (SPEM), of 

plasma display cell, 903
Scanning probe microscopy (SPM)

advanced techniques, 944–958
for dielectric properties, 953–958
for transport properties, 945–953

future trends in, 958–960
generalized approach to, 960
imaging properties of, 944–958
in materials science, 929–960
of oxides, 939, 940
variations of, 946

Scanning surface potential microscopy (SSPM), 945
of SAM, 947
working principles for, 946

Scanning transmission electron microscope (STEM), 
65–127

aberration correction and, 123–125
chromatic aberration and, 118–119
column, imaging-to-diffraction mode in, 110–112
as dedicated instrument, 110–112
electron optical confi guration for, 292
electron sources for, 114–117
fi nite source size and, 118–119
images, phase component maps and, 368
introduction to, 65–69
operating principles of, 65–68
photograph of, 67
probe, 69–73

diffraction-limited, 72
resolution limits of, 117–125
schematic of, 66
spectrum, schematic description of, 366
spectrum imaging in, 104–107
spectrum imaging technique, application of, 367
spherical aberration of, geometric optics view of, 

69, 70
statistical experimental design of, 1254–1256
TEM and, 175
X-ray analysis, 107–109

Scanning transmission electron microscope/
Electron energy-loss spectroscopy STEM-
EELS, mapping of, 365–366
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Scanning transmission X-ray microscope (STXM)
cosine amplitude grating imaging with, 881
layout of, 870–873
MTF for, 878
schematic drawing of, 863

Scanning tunneling microscopy (STM), 494, 495, 915, 
929

atom/molecule manipulation and, 1003–1006
bias-dependent, imaging and, 984–986
capturing dynamic surface processes and, 

998–1003
elastic vacuum tunneling and, 970–972
energy-fi ltered, 985
Ge imaging with, 979
at high/low temperatures, 996–1006

motivation/issues with, 997
image simulation, 1016–1019
imaging applications for, 975–976
imaging principles of, 969–970
instrumentation for, 975–976
introduction to, 969–970, 1070–1073
large-area atom-resolved, 981
with LHe continuous-fl ow cryostat, 1074–

1076
molecular vibrational spectra with, 1117
movies/atom tracking, 998–1003
operating environment for, 973–975
of oxygen/CO, 1109
of Rec-DNA complex, 1026
on rutile TiO2(110), 999
samples for, 973–975
silicon surface imaging with, 977–982
simultaneous mass spectrometry and, in catalytic 

fl ow reactor, 983
surface manipulation, 497
in surface science, 969–1019
of SWCNT end, 1094
tip, bond formation with, 1113
tip trajectory for, 972
tips for, 973–975
variable-temperature, 1076

Scanning tunneling microscopy (STM)-induced 
photo emission, LT-STM and, 1119–1125

Scattered electrons, for vitreous ice, 567
Schematic current v. voltage curves, 1115
Schottky emission cathode (SEC), 209
Schottky fi eld-emission gun, 117
Scintillation detector, 149
SCM. See Scanning capacitance microscopy
SDD. See Silicon drift detector
SE. See Secondary electron(s)
SEAM. See Scanning electron acoustic microscopy
SEC. See Schottky emission cathode
Secondary electron(s) (SE), 109

ADF micrographs of, 176
detector, 68
generation, schematic drawing of, 168
micrographs, of commercial cross-grating replica, 

163
SEM and, 169–172

yield
BSE yield and, 171
schematic drawing of, 170

Secondary electron micrograph
of austenite, 256
of birch pollen, 217
of cross-fractured semiconductor structure, 227
of DPPTE, 231
with ESEM, 242
with ESEM-E3, 243
of fern fossil, 205
of FIB color fi lm, 200
of FIB tyre, 200
of glass knife, 234
of glass micropipette, 233
of keratinocyte, 236
of leaf cuticula, 237
of phospholipid/protein fi lm, 229, 230
of PMMA, 208
of PNIPA Am, 235
of protein surface layer, 216
of radial artery, 207
of road lines, 205
of silicon calibration standard, 228
of starch glycolys D, 244
of steel ball, 184, 185
SuperSharpSilicon AFM probe silicon cantilevers 

of, 229
of tartar, 186
of thiol monolayer, 230
of zeolite FAU, 219

Second-difference technique, 382
Segregated B-doped Si(100), images of, 634
Seidel aberration, of planar zone plate, 851
Selected area diffraction (SAD), 110, 111

aperture, 110
Self-assembled Co nanoparticle, low magnifi cation 

bright-fi eld image, 1159
Self-assembled monolayers (SAM), SSPM of, 947
Self-assembled quantum dots

BEEM on, 1011
cross-sectional STM on, 1014

SEM. See Scanning electron microscope
Semiconductor(s)

dopant potentials in, electrostatic fi eld 
measurement and, 1173–1182

FM-AFM of, 940–942
thin fi lms on, 635–638

Semiconductor detector, 151
Semiconductor device structure, electrostatic 

potential distribution in, 1175
Semiconductor emitters, photoelectron guns and, 

416–417
Sextupoles

arrangement, 704
correctors

aberration correctors and, 715–716
schematic drawing of, 716
spherical aberration correctors and, 715–716

Wien fi lters with, 724
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SFM. See Scanning force microscopy
SFXM. See Scanning fl uorescence X-ray microscope
SGM. See Scanning gate microscopy
Shaped grooves, zone plates with, 859
Short/long range forces, distance dependencies of, 

932
Si, surfaces, diffraction contrast from, 625
Si(001)

constant-current STM images of, 983
surface, Si0.86Ge0.14 pseudomorphically strained 

fi lm on, 902
Si(100)

homoepitaxial growth of, 633
LEEM and, 632–634
NC-AFM of, 942

Si(110), energy-fi ltered electron diffraction pattern 
of, 307

Si(111)
Al fi lms on, 636
ball-and-stick model of, 977
CITS on, 989
FM-AFM of, 940–942
NC-AFM image of, 936
Pb growth on, 636
surface, with LEEM, 631–632

Si(112), annular dark-fi eld detector scanning 
transmission microscope image of, 125

Si0.86Ge0.14 pseudomorphically strained fi lm, on 
Si(001) surface, 902

Si1-xGex/Si(001) heteropitaxy, lattice mismatch strain 
during, 982

Side entry cryo-holder, for Cryo-ET, 562
SiGe heterostructures, dislocation dynamics in, 494
Signal generation, electron-specimen interaction 

and, 163–182
Signal processing, 297
Signals for thin sample, schematic drawing of, 141
Signal-to-noise ratio (SNR), 411
Si(100)/gold(100), 1s state for, 1255
Silicide formation, solid state diffusion reaction and, 

455–456
Silicide phase transformations, 457
Silicon calibration standard, secondary electron 

micrograph of, 228
Silicon drift detector (SDD), 248
Silicon nitride cantilever, frequency response of, 

1044
Silicon oxidation, 470
Silicon surface, STM imaging of, 977–982
Silicon-on-insulator (SOI), 634
SIM. See Scanning impedance microscopy
SIMION simulations, of angle/energy distributions, 

of emitted electrons, 669
Simultaneous mass spectrometry, STM imaging 

and, in catalytic fl ow reactor, 1001
Simultaneous structure analysis, for DWNT, 504
Single active fi lament, 1033
Single atom, molecule manipulation and, LT-STM 

and, 1105–1114
Single axis tilt series data acquisition scheme, 540

Single crystals, deformation in, 487–490
Single lens, wavefront from, 792
Single molecule vibrational spectroscopy/

microscopy, 994
Single particle approach, 540–543

Cryo-ET with, 547
of giant protein complex TPP II, 541

Single projection image, of frozen hydrated yeast, 
895

Single-walled carbon nanotubes (SWCNTs), 1093
electron confi nement in, 1093
end, STM image of, 1094

Sintering, phase transformations and, in free-
standing nanoparticles, 461–463

Si(Li) X-ray diode, schematic drawing of, 247
Size-dependent transformations, in embedded 

nanostructures, 458–460
SLEEM. See Scanning low-energy electron 

microscopy
Small elements, magnetization of, 480
Small magnetic elements, 478–480
SMART. See Scanning Microscope Analysis and 

Resolution Testing; Spectromicroscope for 
All Relevant Techniques

Sn into Bi alloying, 462
SNOM. See Scanning near-fi eld optical microscope
SNR. See Signal-to-noise ratio
Soft X-ray(s) zone plates

aberration size of, 849
diffraction pattern, tomographic reconstruction 

from, 1217
of square-wave test objects, 856
tomography, 885
transmission diffraction pattern

from gold balls, 1212
from lithographed letters, 1211

SOI. See Silicon-on-insulator
Solid state diffusion reaction, silicide formation 

and, 455–456
Solid-liquid interface, phase transformations and, 

450–453
Solid-to-liquid transformation, phase 

transformations and, 450–453
Source coherence, for sample illumination, 289
Space charge layers, at grain boundaries, in 

electron holography, 1182
Sparrow resolution, 1230

diffraction limit and, 1231–1234
Spatial dependence, of differential conductance, 

1083
Spatial frequency domain, resolution in, 

1230–1236
Spatial localization

of EELS signals, 101–104
of inelastic imaging, 101–104

Spatial resolution
in EFTEM elemental mapping, 371–374
history of, 671
of PEEM, 668–675

Spatial/temporal resolution, classifi cation by, 407
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Specimen. See also Sample
preparation, for SEM, 195–201

schematic drawing of, 196
rotation, around tilt axis, geometric model of, 572
stages

FESEM and, 212
for HRTEM, 34–35
for SEM, 155–157

surface profi le, schematic drawing of, 186
tilting

schematic drawing of, 1156
with SEM, 158–162

Spectra quantifi cation, for correction factors, 345
Spectra visibility, variation of, with sample 

thickness, 347
Spectrometers, EELS and, 301–307
Spectromicroscope for All Relevant Techniques 

(SMART), schematic drawing of, 618
Spectroscopic photoemission and low-energy 

electron microscopy (SPELEEM), 606
operation modes of, 623

Spectroscopy techniques, comparison of, 282
Spectrum imaging

of data cube, 104
for Gd, 105
in STEM, 104–107

Spectrum imaging technique, for EFTEM, 364
SPELEEM. See Spectroscopic photoemission and 

low-energy electron microscopy
SPEM. See Scanning photoemission microscope
Spherical aberrations, 146

aplanatic corrector of, 720
correctors

quadrupole-octopole correctors and, 712–715
sextupole correctors and, 715–716

DECO of, 721
and HRTEM, 32
lower bound of standard deviation for, 1256
zone plate image quality and, 847–849

Sphingolipid-cholesterol rafts, AFM and, 1062–1064
Spin manipulator, schematic drawing of, 643
Spin reorientation transition, in Fe-Co alloy layer, 

646
Spin-polarized low-energy electron microscopy 

(SPLEEM), 605–647, 642–647
Co(0001) surface image of, 644
instrumentation for, 614–619

Spin-polarized scanning tunneling microscopy 
(SP-STM)

atomic resolution magnetic imaging with, 1127
on Gd(0001), 992
LT-STM and, 1125–1132

SPLEEM. See Spin-polarized low-energy electron 
microscopy

SPM. See Scanning probe microscopy
SP-STM. See Spin-polarized scanning tunneling 

microscopy
Square-wave test objects, soft x-ray images of, 856
SrTiO3, NC-AFM of, 939–940

SrTiO3
 (100), KFM of Sigma5 grain boundary in, 931

SSPM. See Scanning surface potential microscopy
Standing wave patterns, on copper, 1083
Starch glycolys D, secondary electron micrograph of, 

244
Stark effect, LT-STM and, 1100–1101
Statistical experimental design

of HRTEM, 1256–1258
resolution and, 1252–1258
of STEM, 1254–1256

Statistical model-based resolution, 1240–1258
CRLB and, 1244–1248
parametric statistical models of observation with, 

1242–1244
STED. See Stimulated emission depletion
Steel, nanoindentation of, 496
Steel ball

backscattered electron micrograph of, 155
BSE micrograph of, 185
BSE micrographs, 190

STEM. See Scanning transmission electron 
microscope

Step contrast, for phase differences, 629
Stereo imaging, with SEM, 158–162
Stereopair, of radiolarian, 161
Stimulated emission depletion (STED), 818–826

fl uorescence focal spot and, 822
images with, 819
PSF and, 820
subdiffraction immunofl uorescence imaging with, 

825
STM. See Scanning tunneling microscopy
Structural phase transitions, for in situ transmission 

electron microscopy, 453–457
Structure correlation, with resistivity, 502
Structure determination, using ADF images, 94–95
STXM. See Scanning transmission X-ray microscope
Stylus apex/sample, forces between, 1037–1040
Stylus geometry, AFM and, 1033
Subdiffraction immunofl uorescence imaging, with 

STED, 825
Superalloy NIMONIC, surface of, 220
Superconducting materials, in situ TEM, 481–483
Superconductivity, LT-STM and, 1129–1132
Superconductors, vortex motion in, 483
Superresolution, 1234–1236

diffraction limit and, 1230–1236
SuperSharpSilicon AFM probe silicon cantilevers, 

secondary electron micrograph of, 229
Surface Brillouin zone (SBZ), 1088
Surface imaging, 134
Surface manipulation, STM and, 497
Surface mobility, nanostructures from, 466
Surface reactions, 513–514

crystal growth and, 463–476
Surface science, STM in, 969–1019
Surface state dispersion, direct visualization of, 1090
Surface state electrons, hot, experimental lifetime of, 

1099



 Index I23

Surface state lifetime measurement, 1097
Surface states, on Ag(111), 1086
Surface step structure growth, nucleation and, 631
Surface structure

measurement/modifi cation of, 464–466
mechanical properties of, 495–500

Surface structure identifi cation, of Ge(105), 1019
Surface topography, of cross-sectioned diode, 951
SWCNTs. See Single-walled carbon nanotubes
Symmetric unipotential lens, electrode geometry of, 

667

Tapping mode, latex-beads imaged in, 1048
Tartar, BSE micrograph of, 186
TCC. See Transmission cross coeffi cient
TDS. See Thermal diffuse scattering
TEM. See Transmission electron microscope
Tetrode electron mirror, aberration correction by, 

676
Tetrode mirror

aberration coeffi cients of, 726
section of, 726
within system, 727

TEY. See Total electron yield
TFE. See Thermal fi eld emitter
Thermal diffuse scattering (TDS), 84

cross sections of, 92
Thermal fi eld emitter (TFE), 209
Thermionic emission triode gun, schematic 

drawing, 143
Thermionic gun, 134
Thick zone plates, 861–862
Thin fi lms

magnetic materials, 477–478
mechanical properties of, 495–500
phase transformations in, 458–463
semiconductors on, 635–638
in situ indentation/straining of, 495–496

Thiol monolayer, secondary electron micrograph of, 
230

Three-dimensional cryoelectron microscopy, 
538–547

Three-dimensional imaging, principles of, 538–540
Three-dimensional optical sectioning, resolution 

and, 761–763
Three-widow background-subtracted elemental 

maps, 1163
magnetic phase contours of, 1164

Through-focus deconvolution, depth-of-focus limit 
and, in x-ray microscopes, 887

“Through-the-lens” detection, 154
Tilt axis, 160

specimen rotation of, geometric model of, 572
Tilt compensation/dynamic focusing, in SEM, 159, 

160
Tilt/defocus dataset, schematic representation 

of, 26
Tilt-induced displacements, HRTEM and, 21
Tilting geometry, with Cryo-ET, 557–560

Time resolution, for DTEM, 421–423
Time-resolved microscopy, 686–690

experimental setup for, 687
introduction to, 686–687
in situ measurement, of fi eld pulse, 687–688
vortex dynamics and, 688–690

TiO2, NC-AFM of, 939–940
TiO2(100), NC-AFM of, 941
TiO2(110), oxygen vacancies on, of O2-mediated 

diffusion, 999
Tip(s)

geometries, AFM and, 1032
image interpretation and, 937–939
modeling of, 937
“nanotip” models and, 938–939
for STM, 973–975
trajectory, for STM, 972

Tip-sample interaction, AFM and, 1033–1040
TIRF. See Total internal refl ection fl uorescent
Tomography

of integrated circuit, 901
principle of, 1239
in X-ray microscopes, 884–888

depth-of-focus limit, 885–886
operation principles for, 884–885

Topography, contrast
ETD and, 184
SEM and, 183–189

Total electron yield (TEY), 679
Total inelastic cross sections, atomic number and, 

318
Total internal refl ection fl uorescent (TIRF), 1049
TPE. See Two-photon excitation
Transfer functions

comparison of, 48
of EM, 1233

Transition metals, 636
Transmission, of PEEM, 668–675
Transmission cross coeffi cient (TCC)

HRTEM and, 27–28
Transmission electron microscope (TEM), 65, 175

AEM and, 273
photo of, 274, 538
speed of, 406
STEM and, 175

Transmission X-ray microscope (TXM), 863
contrast in, 873–875
incoherent illumination with, schematic drawing 

of, 877
layout of, 867–868
phase contrast layout of, 868–870
schematic drawing of, 863
Zernike phase contrast, schematic drawing of, 

869
Transmitted electrons, 175–177

scattered, 176
Transparency function, of one period, of zone plate, 

851
Transparent support fi lm, 175
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Transport imaging, in polycrystalline ZnO, 948
Transport properties, advanced SPM techniques of, 

945–953
Triangular FeCo structure, vortex dynamics in, 689
Tribology, nanomanipulation and, 497–498
TU Berlin, DTEM, 409
I(V) tunneling spectroscopy, on C60/C-nanotube, 

989–993
Two neighboring points image, computer-simulated 

experiment of, 1241, 1246
Two-dimensional angular/energy distribution, of 

GOS, 322
Two-photon cross sections, for fl uorescent 

molecules, 767
Two-photon excitation (TPE), 751

analysis of, 763–765
of fl uorescent molecules and, confocal principles, 

754–763
fl uorescent molecules under, 765–767
laser emission time scale for, 773
laser sources for, 773
optical consequences of, 767–769
optical setup for, 769–774

photo of, 771
schematic drawing of, 770

remarks/comments on, 759–761
theoretical analysis of, 757–759
v. conventional excitation, 756

Two-photon excitation (TPE) fl uorescence 
microscopy, 751–777

chronology of, 753–754
introduction to, 751–753

Two-point resolution, 1229–1230
TXM. See Transmission X-ray microscope
Tyre, FIB of, secondary electron micrograph of, 200

UED. See Ultrafast electron diffraction
UHV. See Ultrahigh vacuum
UHV SEM. See Ultrahigh vacuum scanning electron 

microscopy
UHV-STM. See Ultrahigh vacuum scanning 

tunneling microscopy
Ultimate model-based resolution, 1258–1259

observations on, 1258–1259
resolution consequences of, 1259

Ultracorrector, 729
Ultrafast electron diffraction (UED), 406

DTEM timeline development with, 434
Ultrahigh vacuum (UHV), 31, 135
Ultrahigh vacuum scanning electron microscopy 

(UHV SEM), 245–246
Ultrahigh vacuum scanning tunneling microscopy 

(UHV-STM), 1073
Ultrathin continuous metal layer-coated specimen, 

schematic cross section of, 214
Ultrathin windows (UTW), 295
Ultraviolet light-excited photoemission electron 

microscopy (UVPEEM), 642
Uncorrected photoemission electron microscopy 

(PEEM), aberration/resolution on, 673

UTW. See Ultrathin windows
UVPEEM. See Ultraviolet light-excited 

photoemission electron microscopy

Vacuum tunneling, band diagrams for, 971
Validity domains of approximation, diffractive 

imaging and, 1201–1205
Van Aken low-energy foil corrector, schematic 

drawing of, 718
Van Cittert-Zirnicke theorem, 88
Variable pressure secondary electron (VPSE) 

detector, 240
Variable-temperature STM, 1077

with continuous-fl ow cryostat, 1077
Vector potential, power series expansions of, 730
Vertical phase/amplitude hysteresis loops, of 

PbTiO3, 955
Very low voltage scanning electron microscope 

(VLVSEM), 221–237
contrast formation for, 225–226
detectors/detection strategies for, 225
selected applications for, 226–237

Vibrational spectroscopy, inelastic tunneling and, 
993–994

Visible light, epifl uorescence micrographs and, 
898

Visualization/image analysis, Cryo-ET and, 
582–584

Vitreous ice
microtubules in, imaging of, 568
scattered electrons for, 567

VLVSEM. See Very low voltage scanning electron 
microscope

Voltage contrast, SEM and, 191–192
Voltage curves, v. schematic current, 1115
Voltage step generation, across image, 413
Vortex dynamics

time-resolved microscopy and, 688–690
in triangular FeCo structure, 689

Vortex motion, in supercomputers, 483
VPSE detector. See Variable pressure secondary 

electron detector

W(110)
epitaxial Fe ribbon crystals on, 647
surface, normal incidence specular refl ectivity 

of, 608
Water, phase diagram of, 238
Water microbial colony, chemical maps of, 897
Wave aberration function

HRTEM and, 17–26
schematic diagram of, 17

Wavefront, from single lens, 792
Wavelength dispersive spectrometer (WDX), 134

features of, 249
Wavelength-dispersive X-ray (WDX), principle of, 

247
WD. See Working distance
WDX. See Wavelength dispersive spectrometer; 

Wavelength-dispersive X-ray
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Weak phase object approximation (WPOA), HRTEM 
and, 10

Wide-band illumination, depth-of-focus limit and, 
in x-ray microscopes, 886–887

Wide-band semiconductors, 637
Wien fi lters

correction and, 723–724
with sextupoles, 724

Working distance (WD), 140–141
WPOA. See Weak phase object approximation

XANES. See X-ray absorption near-edge structure
XCF. See Cross correlation function
XEDS. See X-ray energy dispersive spectroscopy
Xenon atoms

energy dependence of, elastic mean free electron 
path of, 611

patterned array of, 1107
precipitates, dynamics of, 516

XMCD. See X-ray magnetic circular dichroism
XMLD. See X-ray magnetic linear dichroism
XMLD-PEEM. See X-ray magnetic linear dichroism 

photoelectron emission microscopy
XPEEM. See X-ray photoemission electron 

microscopy
X-ray(s)

analysis
energy dispersive, 107–109
in STEM, 107–109

energy, atomic number and, 276
fl uorescence yield of, 180
generation of, schematic drawing of, 277
interactions

carbon cross sections and, 836
zone plate X-ray microscopes and, 836–839

SEM and, 178–180
soft/hard, aberration size of, 849
sources, for PEEM, 658–667
spectrum of, 178–179

schematic drawing of, 179
X-ray absorption edge, schematic drawing of, 889
X-ray absorption near-edge structure (XANES), 

101
X-ray absorption spectra, of antiferromagnetic 

domains, 682
X-ray energy dispersive spectroscopy (XEDS), 107
X-ray magnetic circular dichroism (XMCD), 

678, 904
of (Co83Cr17)87Pt 13 alloy, 904
of Co, 679
of Ni-Fe fi lm, 905
XMLD and, 685

X-ray magnetic linear dichroism (XMLD), 680
XMCD and, 685

X-ray magnetic linear dichroism photoelectron 
emission microscopy (XMLD-PEEM), 1126

X-ray microanalysis, of Cr-Fe-alloy, 250, 251
X-ray microscopy, 862–892

applications of, 892–906
background on, 862–863

biological applications of, 892–895
depth-of-focus limit and, partial volume in, 886
environmental science applications for, 896–897
history of, 873–874
magnetic materials applications for, 903–905
materials science applications of, 897–903
partial coherence in, 876–884
tomography in, 884–888

X-ray photoelectron spectroscopy (XPS), 281
X-ray photoemission electron microscopy (XPEEM), 

606, 658–667
absorption and, 659–661
chemical contrast in, 663
elemental contrast in, 661–662
image contrast in, 661–663
iron oxide clusters image with, 662
Photoemission and, 659–661

X-ray spectromicroscopy, 888–892
X-ray spectrum images (XSI), 248
X-ray tomography, soft, 885
X-ray transmission spectromicroscopy, of polymers, 

899
X-ray zone plates, hard, 859–861
XSI. See X-ray spectrum images
X-STM. See Cross-sectional scanning tunneling 

microscopy

Yeast cells, frozen, BSE micrographs of, 218
Yeast, frozen hydrated, single projection image of, 

895

Z-contrast imaging, 311
Zeolite FAU, secondary electron micrograph of, 219
Zernike phase contrast

coherence in, 884
of integrated circuits, 900
intrinsic amplitude and, in protein, 876
TXM, 869

schematic drawing of, 869
Zero-loss fi ltering, infl uence of, 570
Zero-loss (ZL) peak, 100

from monochromators, 309
ZL peak. See Zero-loss peak
Zn impurity, quasiparticle density of states around, 

1132
Zone plate(s)

condenser, 856–858
effi ciency

Fresnel zone plates and, 851–853
idealized structures and, 851–853
real structures and, 852–853

fabrication techniques for, 853–855
schematic drawing of, 855

hard X-ray, 859–861
image quality of

aberration size and, 849
astigmatism/fi eld curvature and, 849–850
coma and, 850
Fresnel zone plates and, 846–850
optical path function analysis and, 846–847
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Zone plate(s) (cont.)
ray aberrations and, 847
spherical aberration, 847–849

orders number of, 845
resolution-determining zone plates and, 855–856
with shaped grooves, 859
thick, 861–862
transparency function, of one period, 851
types of, effi ciency of, 852
zone of, 844

Zone plate microscopes, table of, 864–865
Zone plate X-ray microscopes

background on, 835–836
focusing optics of, 840–843
Fresnel zone plates and, 844–862
introduction to, 835–846
overview/recent trends in, 842–843
principles/applications of, 836–906
X-ray interactions and, 836–839

Zr on Ta cathode, image of, 419



Figure 1–14. Illustration of 
certain lens aberrations. (a) 
A perfect lens focuses a 
point source to a single 
image point. (b) Spherical 
aberration causes rays at 
higher angles to be overfo-
cused. (c) Chromatic aber-
ration causes rays at 
different energies (indi-
cated by color) to be focused 
differently.

Figure 1–18. (a) Structural model of the complex oxide Nb16W18O94 projected along [001]. (b) Conven-
tional axial HRTEM image recorded at the Scherzer defocus of a thin crystal. (c) Reconstructed 
modulus of the exit-plane wavefunction of Nb16W18O94 with the marked area enlarged (inset), which 
directly shows the cation positions (black) with improved resolution compared to the axial image. The 
line indicates a stacking fault with a shift of a third of a unit cell along [010]. (d) Reconstructed phase 
of the exit-plane wavefunction with the marked area enlarged (inset). The cation sites in the phase are 
recovered with positive (white) contrast and additional weak between the cation atomic columns 
which indicate the positions of the oxygen anions are also resolved. The reconstructed phase and 
modulus are shown at the same scale.



Figure 2–14. An ADF image of an 
NiS2/Si(001) interface with the struc-
ture determined from the image over-
laid. [Reprinted with permission from 
Falke et al. (2004). Copyright (2004) 
by the American Physical Society.]

Figure 3–56. Stereo pair of SE micrographs (a and 
b) of the hydrogel poly-(N-isopropylacrylamide) 
(PNIPAAm) in the swollen state recorded at 2 keV 
with the “in-lens” FESEM. The specimen was rapidly 
frozen, freeze dried, and ultrathin rotary shadowed 
with platinum/carbon (for details see Matzelle et al., 
2002). (c) Red–green stereo anaglyph prepared from 
(a and b). The tilt axis has a vertical direction. (d) 
Red–green stereo anaglyph in a “bird view.”

Figure 1–20. (a) Enlarged region taken from the reconstructed modulus calculated from a tilt azimuth 
dataset of an Nd4SrTi5O17 crystal edge in the [010] projection showing a small difference in positions 
of the Nd(4) and Nd(5) cations at the interface between adjacent perovskite slabs. (b) Reconstructed 
phase of the same region as (a) showing details of the oxygen anion sublattice between the Ti sites. 
The experimental data were recorded using the tilt series geometry described in the text with a JEOL 
JEM-3000F FEGTEM, 300 kV, C3 = 0.57 mm with an injected tilt of 1.9 mrad.



Figure 3–66. X-Ray microanalysis of a Cr–Fe-alloy with a Si phase. The EDX spectra (a and b) were 
recorded with the Röntec XFlah3001 from locations “Punkt1” and “Punkt2” marked in the SE micro-
graph of the specimen (c). The positions of the characteristic X-ray energies for the various elements 
emerging in the spectra are indicated by thin colored lines, which are labeled with the chemical 
symbol of the corresponding chemical element. The elements iron, chromium, and vanadium occur 
with one Kα peak each in the energy range from 4.95 to 6.40 keV and with one less intense Lα peak 
each in the energy range from 0.51 to 0.71 keV. Elemental distribution maps of Fe (d), Cr (e), Si (f), and 
Ti (g) were recorded using the Kα lines. (h) Mixed micrograph obtained by superimposition of the SE 
image and the maps of the distribution of Fe, Cr, Si, and Ti within the fi eld of view. Experimental 
conditions: SEM, LEO 438VP. For recording spectra: E0 = 20 keV; count rate, ≈ 3 × 103 cps; acquisition 
time, 300 s. For recording maps: E0 = 25 keV; count rate ≈ 1.5 × 105 cps; acquisition time 600 s. (EDX 
spectra, SE micro graph, and elemental distribution maps were kindly provided by Röntec GmbH, 
Berlin, Germany.)
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Figure 3–66. Continued

Figure 3–68. ESBD patterns from an as-cast niobium specimen. 
(c) EBSD pattern from (a) with colored pairs of Kikuchi lines 
generated by automatic indexing. [EBSD patterns were kindly 
provided by Dr. S. Zaefferer, Max-Planck-Institut für Eisenforsc-
hung, Düsseldorf, Germany. (a and b) From Zaefferer, 2004; with 
kind permission from JEOL (Germany) GmbH, München, 
Germany.
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Figure 3–69. Secondary electron micrograph of austenite (b) Orientation map of (a) measured by 
automated crystal orientation mapping and color coded for the crystal direction parallel to the normal 
direction (ND) of the sheet. Hatched areas correspond to austenite grains. (c) The boundary character 
between γ- and α-grains, different orientation components [(001)||ND, red; all others blue] and the 
orientation variations inside of each grain (color shading; b, bainite). The micrograph and the maps 
are recorded with thermal FESEM JSM-6500F. Note: the extension toward the top and bottom of the 
measured are in (b) and (c) is larger than the area marked in (a). (Reprinted from Zaefferer et al., 2004; 
copyright 2004, with permission from Elsevier.)
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Figure 3–70. Orientation map of one grain from 
the microstructure in Figure 3–69a. Color code: 
angular deviation of every mapping point to 
one orientation in the center of the grain. Bainite 
appears in conjunction with a steep orientation 
gradient in ferrite. The white line marks the 
maximum extension of austenite at austeniza-
tion temperature. f, ferrite; a, austenite (hatched); 
b, bainite. (Reprinted from Zaefferer et al., 
2004; copyright, 2004, with permission from 
Elsevier.)



Figure 4–19. Schematics of a commercial 
EDXS detector showing the detector front, the 
Dewar system to cool the detector, and various com-
ponents that are interfaced in the electron micro-
scope. (Courtesy of N. Rowlands, Oxford 
Instruments.)

a b c

Figure 4–26. Various in-column spectrometer confi gurations. (a) Mirror-prism spectrometer, 
(b) OMEGA fi lter, and (c) Mandolin fi lter. (Courtesy of P. Schlossmacher, Zeiss SMT.)

Figure 4–27. Schematic diagram of the in-
column energy-fi ltered microscope (Zeiss-Libra 
200). (Courtesy of P. Schlossmacher, Zeiss SMT.)



a)

b)

Figure 4–29. (a) Postcolumn imaging 
fi lter (Gatan Imaging Filter GIF); 
schematic diagram of the electron 
optics components and detection 
system (top diagram). (Adapted from 
Krivanek, Gubbens et al., 1991a.) (b) 
Actual spectrometer [Gatan’s GIF 
2000 series spectrometer (Tridiem 
model)] and components (bottom 
diagram). (Courtesy of M. Kundman, 
Gatan.)

Figure 4–31. Various implementations of monochromators in commercially available instruments. 
Left: The FEI monochromator, single Wien fi lter. (Courtesy of P. Tiemeijer, FEI Company.) Center: The 
JEOL monochromator double-Wien fi lter. (Courtesy of JEOL Ltd.) Right: The lectrostatic omega fi lter 
implemented in the Libra Zeiss microscope. (Courtesy of M. Haider, CEOS GmbH.)
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Figure 4–37. Real space intensity plots demonstrating the dispersion of the electron intensity when 
the electron beam is located on top of the atomic column and when it is located between two atomic 
columns. The bright empty circles indicate the position of the atoms in the cell closest to the point of 
impact of the electron beam. Channeling is observed when the beam is positioned on the atomic 
column (a) while much stronger dispersion is observed when the electron beam is not on the atomic 
column (b). (Data courtesy of C. Dywer and J. Etheridge.)

Figure 4–74. Color-coded elemental map of a device showing the distribution of elements in the ras-
tered area: red, Al-rich area; blue, Si-rich area; green, Ti-rich area. White, W. Interdiffusion of Si into 
the Al is noted through the bottom barrier layer containing Ti.



Figure 4–77. Various appr-
oaches to EFTEM imaging. 
Zero-loss (ZL) fi ltered imaging 
(selecting only electrons that 
have lost no signifi cant 
amounts of energy), plasmon 
imaging (selecting only elec-
trons that have lost energy in 
the 10–30 eV range), and core 
loss imaging with the three-
windows technique (extrapo-
lation of the background 
under the edge) and the jump-
ratio technique.

Figure 5–1. Phenomena classifi ed by spatial and temporal resolution. Spatial resolution, is defi ned as 
follows: (1) if the technique is an imaging method, the low end of the bounding box would be defi ned 
by the smallest resolvable feature and the high end by the typical fi eld of view or (2) for a nonimaging 
technique, the bounding box would be defi ned by the range of probe or spot sizes. Time resolution is 
defi ned as that for a single-shot investigation of irreversible processes. So time resolution is defi ned 
as the single-shot exposure time to obtain data that demonstrate a particular spatial resolution.
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Figure 5–2. The DTEM at TU Berlin. Cathode and sample drive lasers are at left.

Figure 5–3. TU Berlin dynamic trans-
mission electron microscope.



Figure 7–3. Single particle investigation of the giant protein complex TPP II from Drosophila mela-
nogaster embedded in vitrifi ed ice. In eukaryotes, tripeptidyl peptidase II (TPPII) is a crucial compo-
nent of the protein degradation pathway. The 150-kDa subunits of Drosophila TPPII assemble into a 
giant proteolytic complex of 6 MDa with a remarkable architecture consisting of two segmented and 
twisted strands that form a spindle-shaped structure (length 56 nm, width 24 nm). a) Cryo-electron 
micrograph of isolated TPP II complexes illustrating the very weak image contrast and the high level 
of noise. b) Averaging and classifi cation of a large number of equivalent projections of separate mole-
cules. Once a large set of views is available, a preliminary 3D reconstruction can be computed and 
refi ned iteratively. c) The 3D model obtained by cryo-electron microscopy, reveals details of the 
molecular architecture and, in conjunction with biochemical data, provides insight into the assembly 
mechanism. The building blocks of this complex are apparently dimers, within which the 150 kDa 
monomers are oriented head to head. Stacking of these dimers leads to the formation of twisted single 
strands, two of which comprise the fully assembled spindle (Rockel et al., 2002 and 2005).

Figure 7–4. Cellular cryo-electron tomography of the magnetotactic microorganism Magnetospirillum 
griphiswaldense. The entire bacterium is oriented like a compass needle inside the magnetic fi eld in its 
search for optimal living conditions. The miniature cellular compass is made by a chain of single 
nano-magnets, called magnetosomes (the scale bar represents 200 nm). a) The two-dimensional image 
represents one projection (at 0°) from an angular tilt-series. b) x–y slices along the z axis through a 
typical three-dimensional reconstruction (tomogram). c) Surface-rendered representation of the inside 
of the cell showing the membrane (blue), vesicles (yellow), magnetite crystals (red) and a fi lamentous 
structure (green). Until now, it was not clear how the cells organise magnetosomes into a stable chain, 
against their physical tendency to collapse by magnetic attraction. However, the biochemical analysis 
revealed a protein responsible for the chain formation and the 3D investigation a cytoskeletal struc-
ture, which aligns the magnetosomes like pearls on a string (Scheffel et al., 2005).



Figure 7–5. First electron tomographic investigation of a eukaryotic cell; the slime mould Dictyostel-
ium discoideum embedded in vitrifi ed ice. a) Phase contrast image and corresponding fl uorescence 
image (inset) of cells on TEM grids. b) Cryo-electron micrograph at 0° tilt (conventional 2D 
projection) of a ∼200 nm thin peripheral region of the cell. c) Tomographic reconstruction from a 
complete tilt-series (120 images) and d) visualization by segmentation. Large macromolecular com-
plexes, e.g. Ribosomes are shown in a green color, the actin fi lament network in orange-red and the 
cells’ membrane in blue. Cryo-tomograms of Dictyostelium discoideum cells grown directly on carbon 
support fi lms have provided unprecedented insights into the organization of actin fi laments in an 
unperturbed cellular environment. The tomograms show, on the level of individual fi laments, their 
modes of interaction (isotropic networks, bundles, etc.), they allow us to determine the branching 
angles precisely (in 3-D), and they reveal the structure of membrane attachment sites (Medalia 
et al., 2002).



Figure 7–6. CET in combination with the single particle approach of transport-competent Dictyostel-
ium discoideum nuclei. a) Three-dimensional reconstruction of the peripheral rim of an intact nucleus. 
X-y slice of 10 nm thickness along the z axis through a typical tomogram. Side views of nuclear pore 
complexes (NPCs) are indicated by arrows. Ribosomes connected to the outer nuclear membrane are 
visible (arrowheads). Inset displays a phase-contrast image and the corresponding fl uorescence image. 
b) Surface rendered representation of a segment of nuclear envelope (NPCs in blue, membranes in 
yellow). c) Structure of the Dictyostelium NPC after classifi cation and averaging of subtomograms. 
Cytoplasmic face of the NPC (upper left); the cytoplasmic fi laments are arranged around the central 
channel. Nuclear face of the NPC (upper right); the distal ring of the basket is connected to the nuclear 
ring by the nuclear fi laments. Cross sectional view of the NPC (bottom). The dimensions of the main 
features are indicated. All views are surface-rendered (nuclear basket in brown; Beck et al. 2004).

Figure 7–7. Plunge freezing instrumentation. a) Typical arrangement of cells cultured on TEM grid just 
prior to plunging. The schematic indicates the dimensions. b) CAD (computer aide  d design) image of 
a home-build plunge freezing apparatus (Images courtesy of R. Gatz, MPI of Biochemistry, Martinsried 
(near Munich), Germany). The small reservoir (yellow) in the middle of the dewar (green) contains the 
liquid ethane, which is chilled by a surrounding bath of liquid nitrogen. The forceps, which hold the 
grid are attached to a weighted arm. When the arm is released by means of a foot-trigger, the grid is 
gravity-plunged into the ethane. The cross-sectional scetch (left part of image B) illustrates the ‘guillo-
tine-like’ arrangement. c) The Vitrobot (FEI company, Eindhoven, The Netherlands), a ‘robot’ for vitri-
fi cation, allows the control of environmental and all necessary processing parameters.



Figure 7–22. Detection and identifi cation of individual macromolecules in cellular tomograms is 
based on their structural signature. Because of the crowded nature of the cytoplasm and ‘contamina-
tion’ with noise, an interactive segmentation and feature extraction is not feasible. It requires sophis-
ticated pattern recognition techniques to exploit the information contained in the tomograms. A 
volume rendered presentation of a 3D image is presented on the left. Even though some high-density 
features may be visible, an unambiguous identifi cation of individual structures would be diffi cult if 
not impossible given the residual noise. An approach, which has proven to work, is based on template 
matching. Templates of the macromolecules under scrutiny are obtained by a high- or medium resolu-
tion technique (X-ray crystallography, NMR, electron crystallography or single particle analysis). 
These templates (4 times magnifi ed in this fi gure; 20S proteasome and thermosome) are then used 
to search the entire volume of the tomogram systematically for matching structures by three-
dimensional cross-correlation and the result is refi ned by multivariate statistical analysis. In principle 
the 3D image has to be scanned for all possible Eulerian angles ϕ,ψ and θ around three different axes, 
with templates of all the different protein structures one is interested in e.g. the thermosome (blue) 
and proteasome (yellow). The search procedure is computationally very demanding but can be paral-
lelized with respect to the different angular combinations in a highly effi cient manner. Finally, the 
position and orientation of the different complexes can be mapped directly in the 3D image.

Figure 7–18. a) Geometric model of specimen rotation around a tilt axis. b) Automated data collection 
scheme for the ‘full-tracking/ full-focusing’ case. For tracking, focusing and the fi nal image acquisi-
tion the same magnifi cation is used and the beam is adjusted in a way that the areas where tracking, 
focusing a and exposure is done do not overlapp (blue and green circle). Using very short exposure 
times in combination with high binning values (4 × 8 or even 8 × 8) the exposure to the sample in 
auto-tracking and auto-focusing can be minimized.
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Figure 7–23. Mapping ribosomes in an intact S. melliferum cell. a) x–y slice from the corresponding 
tomogram. Image analysis of this portion of the cell is displayed in subsequent panels. b) Locations 
and orientation of all ribosomes detected by template matching. Each 70S ribosome is represented by 
the averaged density (see Fig. 26) derived from the tomogram. The colour coding indicates the detec-
tion fi delity; green is high, yellow is intermediate, red is low and probably represents false positives. 
The brightness of the colour corresponds to correlation peaks heights. c) Final ribosome atlas after 
removal of putative false positives (images courtesy of J. Ortiz, MPI of Biochemistry, Martinsried, 
Germany).

Figure 7–25. a) Averaged structure of the 70S ribosome derived from the dataset above (average from 
300 individual particles to ∼4 nm resolution). The map highlights the 30S subunit in yellow. b) Docking 
of high resolution structures of the 70S ribosome into the map shown in A. c) “Crown view” of B 
(images courtesy of J. Ortiz, MPI of Biochemistry, Martinsried, Germany).



Figure 10–13. Electrostatic correction of chromatic aberration. (a) Rays in a quadrupole quadruplet 
or sextuplet. (b) Match between the potentials needed to satisfy Scherzer’s condition and those in the 
corrector.

5.2 eV 6.4 eV 9.6 eV 11.4 eV

Figure 8–26. Quantum size contrast between regions with different thickness of an Fe fi lm on W(110), 
taken with different electron energies, that is wavelengths. The images in the top row show the inten-
sity and those at the bottom the magnetic signal (exchange asymmetry). Blue and red correspond to 
opposite magnetization directions.88

Figure 8–18. The three fundamental operation modes of a SPELEEM system. The various sections of 
the instrument are shown folded into one plane. In imaging and diffraction the energy selection slit 
is inserted in the dispersive plane DP and the image/diffraction pattern behind DP is imaged with 
the projector. The intermediate lens IL is used to switch between imaging and diffraction, simultane-
ously with the exchange of the contrast aperture in FPI and the fi eld-limiting aperture in IIP. For fast 
spectroscopy both apertures are inserted, the energy selection slit is removed, and the dispersive plane 
is imaged by the projector.15
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Figure 11–12. Multiple excitation of three fl uorescent dyes using 740 nm under a TPE regime. The 
conventional excitation would have required the utilization of 360 or 405 nm, 488 nm, and 543 nm laser 
lines. The fi nal image (lower right quadrant) is realized by merging the three subsets. (This image has 
been acquired by students of the Biotechnology School during the course of Advanced Microscopy 
Techniques activated at the University of Genoa, academic year 2005. Advisors: Grazia Tagliafi erro 
and Alberto Diaspro.)
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Figure 11–6. Two-photon cross-sections for popular 
fl uorescent molecules as a function of the excitation 
wavelength. Red bars indicate the emission range of 
some common laser sources utilized in TPE micro-
scopy and spectroscopy.

Figure 11–2. Comparison between conventional 
(1P) and two-photon (2P) excitation with respect to 
image formation. When focusing on the actual 
focal plane under 1P, a contribution from adjacent 
planes that are physically excluded in the 2P process 
is obtained, as happens in a confocal setup. (From 
Giuseppe Vicidomini, LAMBS, MicroScoBio, Uni-
versity of Genoa.)
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Figure 12–4. Overview of the excitation (bottom), detection (center), and effective (top) OTFs’ modulus 
and the corresponding PSFs of the wide-fi eld, confocal, standing wave (SWM), I5M, 4Pi confocal type 
C, TPE 4Pi confocal type A, and TPE 4Pi confocal type C microscopes. The color look-up table (LUT) 
has been designed to emphasize the important weak OTF regions. The OTFs are shown in the squares 
above the corresponding PSFs; the zero frequency point is in the center and the largest frequency 
displayed is 2π/80 nm−1. The circles represent the maximum possible carrier as explained in Figure 
12–3. For TPE, the excitation OTFs slightly extend over these circles because the excitation wavelength 
of 800 nm is less than double the one-photon excitation wavelength of 488 nm. While all these methods 
extend the OTF along the axial direction, they fundamentally differ in contiguity and absolute strength 
within the support region. For example, there are pronounced frequency gaps for the SWM and 
depressions for the I5M. The rectangular images of the PSFs represent a region of 5 × 2.5 µm with the 
geometric focus in the center.
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Figure 12–5. Lobe removal and deconvolution in 4Pi microscopy. The fi gure shows images of the same 
pair of actin fi bers in a fi xed mouse fi broblast cell recorded in the TPE confocal (a) and TPE 4Pi type 
A (b and c) mode. The corresponding Fourier transform along the optic axis is also shown (d, e, and 
f). The fi ve-fold axial resolution increase (a vs. b) and the correspondingly extended OTF (d vs. e) are 
immediately visible. The side lobes are well below 50% and the factorization of the PSF’s axial and 
lateral dependence is possible in 4Pi microscopy. Therefore, an inverse discrete fi lter can be found and 
its application to the raw data (c) yields a valid and almost artifact-free image (b). Alternatively, lobe 
removal can be performed in the frequency domain. Equation (16) indicates that the Fourier transforms 
of the raw data (f) is given by the product of the Fourier transform of the lobe-free image (e) and the 
lobe function 

�
l (kz). Thus, (2) Fourier transforming the raw data, (3) multiplying with the inverse of 

the lobe function’s Fourier transform, 
�
l

−1(kz), and (4) Fourier backtransforming lead to almost the 
same lobe-free image. This method can be applied even if the separation of axial and lateral depen-
dence is impossible for the PSF. The Fourier transforms along the axial direction (3 and 4) merely have 
to be replaced by their 3D counterparts.
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Figure 12–7. Stimulated emission depletion (STED) was the fi rst implementation of the RESOLFT 
principle. (a) Dye molecules are excited into the S1 (state A) by an excitation laser pulse. (b) Fluorescence 
is detected over most of the emission spectrum. How ever, molecules can be quenched back into the 
ground state S0 (state B) using stimulated emission before they fl uoresce by irradiating them with a light 
pulse at the edge of the emission spectrum shortly after the excitation pulse and before they are able to 
emit a fl uorescence photon. Saturation is realized by increasing the intensity of the depletion pulse and 
consequently inhibiting fl uorescence everywhere except at the “zero points” of the focal distribution of 
the depletion light. (c) Schematic of a point-scanning STED microscope. Excitation and depletion beams 
are combined using appropriate dichroic mirrors (DC). The excitation beam forms a diffraction-limited 
excitation spot in the sample (inset in d) while the depletion beam is manipulated using a phase-plate 
(PP) or any other device to tailor the wavefront in such a way that it forms an intensity distribution with 
a nodal point in the excitation maximum (left inset in e). The third inlay shows the resulting quenching 
probability when saturating the depletion process. (d) and (e) show an experimental comparison 
between the confocal PSF and the effective PSF after switching on the depleting beam. Note the doubled 
lateral and fi ve-fold improved axial resolution. The reduction in dimensions (x, y, z) yields ultrasmall 
volumes of subdiffraction size, here 0.67 al (Klar et al., 2000), corresponding to an 18-fold reduction 
compared to its confocal counterpart. The spot size is not limited on principle grounds but by practical 
circumstances such as the quality of the zero and the saturation factor of depletion.
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Figure 12–10. Images of a wetted Al2O3 matrix featuring z-oriented holes (Whatman plc, Brentford, 
UK) with a spin cast of a dyed (JA 26) polymethyl methacrylate solution. The rings formed in this way 
are ∼250 nm in diameter and are barely resolved in confocal mode. (a–d) The confocal image (a) and 
STED images with two depleting beams perpendicularly polarized and aberrated by “1D” phase-plates 
(b–d). The excitation PSF (g) and the STED PSF for y polarization (h) and x polarization (i) are shown 
on the right. The STED intensity was chosen at the spots marked in the saturation curve (f). The smaller 
effective spot size also results in an extended OTF as seen in the second column. Here, the insets show 
the 2D Fourier transformation of the images in the left and the graphs show a profi le along the x direc-
tion. Note the logarithmic scales. The Fourier transform of the image is given by the product of OTF 
and the Fourier transform of the object [Eq. (2)]. For such regular structures, an estimate for the 
modulus of the OTF can therefore be gained by estimating the latter and solving for the OTF. The 
dashed line shows the Fourier transform of a ring with a diameter of 275 nm and a width of 50 nm and 
the estimated OTF is presented in (e). (f) The suppression of fl uorescence resulting from stimulated 
emission. The phase-plates were removed and the ratio of fl uorescence without STED light (F0) and 
with the STED beams switched on (F) was recorded. The intensities are pulse intensities per beam at 
the global maximum.
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Figure 13–15. Schematic of the main components of 
a transmission X-ray microscope or TXM (top: cour-
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Figure 12–11. Subdiffraction immu-
nofl uorescence imaging with STED-4Pi 
microscopy. (a) Overview image (xy) of 
the microtubular network of an HEK 
cell. (b) Sketch of typical dimensions of 
a labeled microtubule fl uorescently 
decorated via a secondary antibody. (c) 
and (d) Standard confocal and STED-
4Pi xz image recorded at the same site 
of the cell; the straight line close to the 
cell stems from a monomolecular fl uo-
rescent layer attached to the adjacent 
coverslip. In both images, the pixel size 
was 95 × 9.8 nm in the x and z direction, 
respectively; the dwell time per pixel 
was 2 ms. Note the fundamentally 
improved clarity in (d). The STED-4Pi 
microscope’s PSF features two low side 
lobes caused by the secondary minima 
STED intensity distribution. These 
lobes are <25% and were removed in 
the STED-4Pi image using linear fi lter-
ing as outlined in the text [see Eq. 
(16ff)]. (e) and (f) Corresponding pro-
fi les of the image data along the dashed 
lines in (b) and (c) quantify the 
improved axial resolution of the STED-
4Pi microscopy mode (f) over the con-
focal benchmark. Peaks 1, 2, and 3 due 
to microtubules are broader than the 
response to the monolayer. Note the 
ability of the STED-4Pi microscope to 
distinguish adjacent features.
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Figure 13–30. 3D rendering (left) and reconstruction slices (right) of the algae Chlamydomonas rein-
hardtii viewed by soft X-ray tomography at the BESSY I synchrotron. This alga was plunge-frozen in 
liquid ethane, and imaged over 180º rotation sequence. The reconstruction is given in terms of the 
quantitative linear absorption coeffi cient for 517 eV X-rays. (Reprinted from Wei et al., © 2000, with 
permission from Elsevier.)

Figure 13–27. Near-carbon-edge 
absorption spectra of several amino 
acids, showing the effects of various 
molecular bonds in the absorption 
spectrum. These resonances can 
be used for chemical contrast in X-
ray microscopy. (Reprinted from 
Kaznacheyev et al., © 2002, with per-
mission from American Chemical 
Society.)
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Figure 13–29. Human fi broblast with immunogold 
labeling for tubulin. This is a composite of two 
images: a bright fi eld image (gray tones) to image 
overall mass, and a dark fi eld image (red tones) to 
selectively imaging the silver-enhanced gold labels. 
This whole-mount cell was fi xed and then permeabo-
lized to allow for introduction of the immunogold 
labels, after which it was air dried. (From Chapman 
et al., © 1996b,c, courtesy of the Microscopy Society 
of America.)
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Figure 13–35. Visible light and epifl uorescence micrographs, and false color X-ray fl uorescence 
element maps of a centric diatom collected from the southern Pacifi c. In this region of the ocean, iron 
availability is a biolimiter with an impact on oceanic uptake of carbon dioxide from the atmosphere. 
X-ray microprobes allow one to study iron content on a protist-specifi c basis. (Reprinted from Twining 
et al., © 2003, with permission from American Chemical Society.)
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Figure 13–34. Cluster analysis in a spectromicroscopy study of lutetium in hematite. Lutetium is 
serving as a homologue to americium in an investigation of the uptake and transport of nuclear waste 
products in groundwater colloids. By using a pattern recognition algorithm to search for pixels with 
spectroscopic similarities, a set of signature spectra is automatically recovered from the data (shown 
here in a color-coded classifi cation map) and thickness maps can be formed based on these signature 
spectra. Analysis at the oxygen edge reveals two different phases of reactivity for lutetium with hema-
tite. Analysis by Lerotic (2004), from a study by T. Schäfer, INE Karlsruhe.
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Figure 13–42. In Electron Spectroscopy for Chemical Analysis or ESCA microscopy, a monochromatic 
beam is used to illuminate a region several micrometers across; electron optics are then used to image 
a tunable electron ejection energy to reveal surface chemistry. Though this does not involve zone plate 
imaging, we include it here due to its widespread use with tunable X rays. In this case a 90-nm resolu-
tion ESCA microscope was used to locate aligned MoS2 nanotube bundles and select certain areas 
along the axes of the tubes for detailed examination. The image at left was acquired using Mo 3d 
electrons, while S 2p, Mo 3d, and valence band spectra taken at the tips and sidewalls and the growth 
base from the Si wafer appear strongly affected by the low dimensionality of the nanotubes and 
differ signifi cantly from the corresponding spectra taken on a reference MoS2 crystal. (Reprinted from 
Kiskinova et al., © 2003, with permission of EDP Sciences.)

Figure 14–13. Transport imaging 
in polycrystalline ZnO. (a) Surface 
topography. (b and c) SSPM images 
under lateral bias exhibit potential 
drops at grain boundaries, indica-
tive of grain boundary resistive 
behavior. Note that the direction of 
potential drops inverts with bias. 
(d) Current maps for positive and 
negative bias polarity. (Partially 
reproduced from Kalinin and 
Bonnell, Zeitschrift fur Metallkunde, 
90, 983–989, 1999.)

Figure 13–43. Scanning photoemission microscope (SPEM) study of a plasma display cell. In this micro-
scope the specimen is scanned through the zone plate focus while photoelectrons are collected by an electron 
spectrometer. This fi gure shows a SPEM image, a scanning electron micrograph, and photoelectron spectra 
from several regions of the sample. In a plasma display cell, light of the appropriate color emerges through a 
front glass window which is protected from plasma damage by a composite insulating layer including MgO. 
The photoelectron spectra show aging in the Mg(OH)2 component of the layer over the life of the display cell. 
(Reprinted from Yi et al., © 2005, with permission from the Institute of Pure and Applied Physics.)
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Figure 14–22. (A) Images of the profi les of peri-
odic dielectric constant (on the left) and ferro-
electric domain boundaries (on the right). (B) 
Line profi les of frequency (top) and quality 
factor (bottom) images.

Figure 14–23. Atomic resolution NC-AFM, STM, 
and KFM on Ge/Si (105). [Courtesy of Eguchi et al. 
Reproduced with permission from Physical Review 
Letters, 93(26), 2004.]

Figure 14–15. Experimental images (outside) and theoretical simulations (inside) of the fl ow of elec-
tron waves through a quantum point contact. Fringes spaced by half the Fermi wavelength demon-
strate coherence in the fl ow. [Courtesy of Westervelt et al. Reproduced with permission from Physica 
E, 24, 63–69, 2004.]



Figure 15–13. (a) Bias-dependent STM on GaAs(110): selective imaging of Ga and As sublattices at 
positive and negative sample bias, respectively (Reprinted with Permission from Feenstra et al., ©1987 
by the Armeucion Physics Socuity). (b) Compound STM image of the InP(110) surface, assembled from 
separate positive and negative bias scans (Reprinted from Ebert et al., ©1992 with permission from 
Elsevier).

Figure 15–16. I(V) tunneling spectroscopy on C60/C-nanotube “peapods” (Reprinted with Permission 
from Hornbaker et al., ©2002 AAAS). (A) Map of an array of full dI/dV spectra along the axis of a C-
nanotube “peapod.” Sample bias voltage is plotted on the horizontal axis and displacement along the 
tube on the vertical axis. (B) Representative dI/dV spectra at selected positions along the tube. Large 
conductance peaks are found at positions of embedded C60 molecules. (C) Variation of tunneling con-
ductance along the tube axis. (D) Reference spectroscopic map on an empty C-nanotube section 
without embedded C60, in which no strong modulation of the tunneling conductance is observed.

Figure 15–18. Spin-polarized STM on a Gd(0001) sample with an exchange-split surface state and a 
magnetic Fe tip with constant spin polarization close to EF. (a) Due to the spin-valve effect the tun-
neling current of the surface state spin component parallel to the tip magnetization is enhanced. (b) 
Illustration of the reversal in the dI/dV signal at the surface state peak position upon switching the 
sample magnetically. (c) Experimental observation of this reversal in tunneling into an isolated Gd 
island (Reprinted with permission from Bode et al., ©1998 by the American Physical Society).



Figure 16–1. STM topographies of Rec-DNA complex (left) and an aberrant bacteriophage capside 
(right). In the upper right corner, a hole has been created applying a voltage pulse between the tip and 
the sample. Both images immediately reveal the molecular arrangement of the respective complex 
structure. (Left, from Amrein et al., 1988, reproduced with permission. Right, from Amrein et al., 1998b, 
reproduced with permission.)

Figure 15–37. Identifi cation of 
the molecular conformation of 
Cu-DTBPP on Cu(211). (a) Molec-
ular model of Cu-DTBPP, with the 
four-lobed pattern observed by 
STM marked in yellow. (b–e) STM 
contrast calculation for different 
angles between the four legs and 
the substrate: (b) 60°, (c) 45°, (d) 
30°, and (e) 10°. (f) Experimental 
STM image of the molecule. 
(Reprinted from Moresco et al., 
©2002 with permission from 
Elsevier.)

Figure 16–3. Neuronal cell, cultured on an electronic 
chip. The chip is designed such as to pick up an action 
potential of the cell. The image demonstrates proper 
tracing of the cell surface. In a future application, an 
appropriately designed stylus might be used as an 
additional electrode to excite or record an action 
potential at any location of the cell body or a process 
of the neuronal cell.



Figure 16–18. Images of a fi xed 3T3 cell in buffer, on a coverslip. Left to right: Optical (differential 
interference contrast, DIC) and simultaneous AFM (JPK Instruments, contact mode) topography and 
feedback signal.

Figure 17–36. Bond for-
mation induced with 
STM tip. A sequence of 
STM constant-current 
images at 13 K showing 
the formation of Fe–CO 
bonds by vertical manip-
ulation. Fe atoms are 
imaged as protrusions 
and CO molecules as 
depressions. The white 
arrows indicate the pair 
of adsorbates involved 
in each bond formation 
step. In (B) and (C) a CO 
molecule has been 
picked up and bonded 
to an Fe atom to form 
Fe(CO). In (D) a second 
CO molecule has been 
bonded to Fe(CO) to 
form Fe(CO)2. (From Lee 
and Ho, 1999.)



Figure 17–43. Atomic resolution magnetic imaging 
with SP-STM. (A) Constant-current image of one 
monolayer of Mn on W(110) recorded with a non-
magnetic W tip at 16 K. (B) Image recorded with a 
magnetic Fe tip showing an antiferromagnetic con-
fi guration as predicted by theory. The colored 
insets show calculated STM images. (C) Experi-
mental and theoretical line sections from (A) and 
(B). The image size is 2.7 nm by 2.2 nm. (From 
Heinze et al., 2000.)

Figure 18–9. (a) Low magnifi cation bright-
fi eld image of self-assembled Co nano-
particle rings and chains deposited onto an 
amorphous carbon support fi lm. Each Co par-
ticle has a diameter of between 20 and 30 nm. 
(b–e) Magnetic phase contours (128× amplifi -
cation; 0.049 radian spacing), formed from the 
magnetic contribution to the measured phase 
shift, in four different nano particle rings. The 
outlines of the nano particles are marked in 
white, while the direction of the measured 
magnetic induction is indicated both using 
arrows and according to the color wheel shown 
in (f) (red = right, yellow = down, green = left, 
blue = up). (Reprinted from Dunin-Borkowski 
et al., 2004b.)



Figure 18–10. (a) Chemical map of Fe0.56Ni0.44 nanoparticles, obtained using three-window back-
ground-subtracted elemental mapping with a Gatan imaging fi lter, showing Fe (red), Ni (blue), and 
O (green). (b) Bright-fi eld image and (c) electron hologram of the end of a chain of Fe0.56Ni0.44 particles. 
The hologram was recorded using an interference fringe spacing of 2.6 nm. (Reprinted from Dunin-
Borkowski et al., 2004b.)



Figure 19–5. (A) Tomographic reconstruction from a soft X-ray diffraction pattern shown in (B). The 
object consists of gold balls (50 nm diameter) lying along the edges of a pyramidal-shaped silicon 
nitride structure. This is one image from a rotation series. From the complete series, three-dimensional 
surfaces of constant density can be constructed. (B) The volume of soft X-ray diffraction data collected 
to obtain the three-dimensional reconstruction in (A).

Figure 18–13. Magnetic phase contours from the region shown in Figure 8–12, measured using elec-
tron holography. Each image was acquired with the specimen in magnetic fi eld-free conditions. The 
outlines of the magnetite-rich regions are marked in white, while the direction of the measured mag-
netic induction is indicated both using arrows and according to the color wheel shown at the bottom 
of the fi gure (red = right, yellow = down, green = left, blue = up). Images (a), (c), (e), and (g) were 
obtained after applying a large (>10,000 Oe) fi eld toward the top left, then the indicated fi eld toward 
the bottom right, after which the external magnetic fi eld was removed for hologram acquisition. 
Images (b), (d), (f), and (h) were obtained after applying identical fi elds in the opposite directions. 
(Reprinted from Harrison et al., 2002.)
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