
Springer Japan KK 



M. Ohtsu (Ed.) 

Near-Field 
Nano/ Atom Optics 
and Technology 

With 189 Figures 

Springer 



Motoichi Ohtsu, DT. Eng. 
Professor 
Interdisciplinary Graduate School of Science and Engineering 
Tokyo Institute of Technology 
4259 Nagatsuta, Midori-ku 
Yokohama, 226-8502 Japan 

ISBN 978-4-431-68013-0 

Library of Congress Cataloging-in-Publication Data 
Near-field nano/atom opties and teehnology I M. Ohtsu. ed. 

p. em. 
lncludes bibliographieal referenees and index. 
ISBN 978-4-431-68013-0 ISBN 978-4-431-67937-0 (eBook) 
DOI 10.1007/978-4-431-67937-0 
1. Nanostrueture materials. 2. Quantum optics. 3. Near-field 

microscopy. 4. Photonies. 5. Semiconductors. 1. Ohtsu, Motoichi. 
TA418.9.N35N43 1998 
620' .5-dc21 

Printed on acid-free paper 

© SpringerJapan 1998 
Originally published by Springer -Verlag Tokyo in 1998 
Softcover reprint ofthe hardcover Ist edition 1998 

This work is subject to copyright. AII rights are reserved, whether the whole or part of the 
material is concemed, specifically the rights of translation, reprinting, reuse of iIIustrations, 
recitation, broadcasting, reproduction on microfilms or in other ways, and storage in data 
banks. 
The use of registered names, trademarks, etc. in this publication does not imply, even in the 
absence of a specific statement, that such names are exempt from the relevant proteetive laws 
and regulations and therefore free for general use. 

Typesetting: Camera-ready by editor 
Printing & binding: Best-set Typesetter Ltd., Hong Kong 
SPIN: 10676845 



Preface 

In the long history of optics, a dramatic event was the invention of lasers in 
1960. With the precise control of the power, wavelength, pulse width, and 
coherence of this laser light, a wide range of applications was developed. Fur
ther, owing to the progress of quantum optics in the 1980s, even quantum 
fluctuations of light could be controlled. But was it possible to reduce the 
volume of the light to the sub-wavelength dimension? Could light confined 
within such a small volume be utilized? The answers derived by conventional 
classical and quantum optics have been "no." This book will provide infor
mation to produce the answer "yes" to these questions. That is, this book 
describes the science and technology of generating novel light of nanometric 
dimensions, and its applications. 

Owing to the inability of conventional optical science and technology to 
surpass the diffraction limit and reach nanometric dimensions, there has al
ways been a size incompatibility between the optical integrated circuit and its 
electronic counterpart. This book, dealing with near-field nano/atom optics, 
provides new ideas, tools, and methods to overcome this difficulty. Although 
the basic proposal dates from 70 years ago, real development of near-field 
optics has been taking place only since the mid-1980s. At the early stages of 
this development, most of the technical efforts were devoted to ultra-high
resolution optical microscopy. However, it has been realized recently that the 
intrinsic features of the optical near field (i.e., quasi-static electromagnetic 
interaction at a sub-wavelength distance between two nanometric-sized par
ticles) can open a new frontier in nanometric optical science and technology. 

As a professor at the Tokyo Institute of Technology and the leader of 
the Photon Control Project of the Kanagawa Academy of Science and Tech
nology, I am the main author of this book. The coauthors are research staff 
members of the project, and they describe systematically the progress of near
field nano/atom optics and technology, with an emphasis on their own work. 
Therefore, the book provides advanced, instructive information for gradu
ate students who want to study near-field nano/atom optics and technology. 
The book also presents new ideas and approaches not only for junior scien
tists and engineers working on near-field nano/atom optics and technology, 
but also for researchers wanting to implement the new technology in their 
fields. Although several books have been published in near-field optics, this 



VI 

one provides complete and systematic information on near-field nano/atom 
optics and technology. 

The coauthors and I would like to express our thanks to the following 
individuals. Dr. N. Atoda, Prof. S. Aizawa, Dr. I. Banno, Prof. M. Fukui, 
Mr. T. Gozen, Dr. H. Hisamoto, Prof. S. Hisanaga, Prof. H. Hori, Dr. T. Ikeda, 
Prof. W. Jhe, Prof. H. Kadono, Prof. Y. Katayama, Prof. K. Kitahara, 
Prof. S. Koshihara, Prof. A. Kusumi, Dr. M.-B. Lee, Dr. M. Miyamoto, 
Dr. H. Miyazaki, Mr. Y. Narita, Mr. M. Naya, Dr. K. Nishi, Mr. M. On
ishi, Dr. N. Saito, Dr. Y. Sakai, Dr. M. Sano, Dr. S. Sudo, Prof. K. Suzuki, 
Mr. T. Tadokoro, Prof. H. Tatsumi, Prof. K. Tsutsui, Prof. T. Ushiki, 
Dr. J. D. White, Prof. M. Yoshimoto, and Dr. A. Zvyagin. We also extend 
our thanks to our students and to the students of the individuals listed above 
for their collaboration, comments, and discussions in conducting the research 
and preparing the manuscript for the book. 

February 2, 1998 

Motoichi Ohtsu 
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Chapter 1 

Introd uction 

1.1 Near-Field Optics and Related Technologies 

This book, Near-Field Nano/Atom Optics and Technology, describes the 
progress of the authors' recent experimental and theoretical work on near
field optics, and in particular their studies of the interaction between an 
optical near field and atoms and materials with nanometric features. To give 
an idea of the scope of the book, this section offers a brief description of 
near-field optics and related technologies. 

Conventional optical microscopes are powerful tools used in a wide range 
of scientific research areas. Their imaging is based on the principle of the 
interference of light waves. Such interference-type microscopes can use not 
only light waves, but also material waves, such as electron waves, to increase 
the microscopic resolution. The resolution is limited by diffraction, which 
occurs in all interference experiments. 

Here, one should note that the diffraction of waves does not impose a 
fundamental limit. For example, one new type of device for microscopy using 
material waves is an interaction-type microscope called a scanning tunneling 
microscope. In the field of optics, this is called a "near-field optical micro
scope." The strength of the local electromagnetic interaction between a speci
men and a scanning probe tip is mapped to produce a nanometer-scale image 
that lies far beyond the diffraction limit. By analogy with electron tunneling, 
the local electromagnetic interaction is described by photon tunneling, mean
ing that a photon forming a coupled mode with material excitation tunnels 
through a gap between specimen and probe tip. The term "optical near field" 
is the key to understanding the underlying physics of the novel optical science 
and technology for non propagating local electromagnetic interaction, which 
falls within the category of "apparatus-limited" optical processes. 

For interaction-type microscopy, signal processing techniques and a the
oretical background are indispensable for interpreting the images obtained. 
This is because topographic information about the specimen must be derived 
from the near-field interaction with the scanning probe tip, which involves 
"destructive measurement" of the optical near field associated with the illu
minated specimen. The specimen's topographical features do not necessarily 
correspond directly to the strength of the sample-probe interaction. One has 
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2 1. Introduction 

to know a considerable amount about the optical characteristics of the spec
imen and the probe tip as well as the means of light illumination, detection, 
and signal processing in order to interpret the obtained images appropriately. 

Developments in near-field optics and related technologies not only in
clude microscopy for analyzing matter, but also extend to a wide variety 
of more active areas of "controlling and manipulating nanometric- and/or 
atomic-scale objects." The title of this book, Near-Field Nano/Atom Optics 
and Technology, reflects this wide range of developments. Control and detec
tion of a localized photochemical reaction provide an engineering technique 
for ultra-high-density optical data processing. The mechanical effect of an 
optical near field on small particles is also being studied. Control of a bio
logical sample on the molecular level would reveal fundamental processes of 
excitation transfer, and result in the control of living organisms. Proposals 
have also been made to manipulate atomic particles and control their states 
with nanometric resolution. These novel applications extend into the research 
fields of near-field optics, photonics, and related quantum optics. 

1.2 History of Near-Field Optics and Related 
Technologies 

The rapid progress of near-field optics and related technologies in recent 
years has mainly been in association with advances in near-field optical mi
croscopy, spectroscopy, fabrication, manipulation, and so on. The underlying 
physics and potential for applications extend into many areas of modern 
science and technology. However, subsequent sections of this chapter focus 
mainly on reviewing the history and principles of the near-field optical micro
scope, because it has been developed as a prototype application of near-field 
nano/atom optics. 

The first mention of near-field optical microscopy appeared in a paper by 
Synge in 1928 [1], which proposed the use of a scanned microscopic aperture 
to construct an ultra-high-resolution microscope with a resolution far beyond 
the diffraction limit. The proposal was, of course, far beyond the technical 
limitations of those days, and experimental demonstrations in the optical re
gion had to wait for a modern technical background before it was possible to 
fabricate a subwavelength-size probe tip, control it with nanometric repro
ducibility, and image pictures by means of computer-aided signal processing. 
Later in 1972, the near-field optical microscope was experimentally studied 
by Ash and Nicholls in the microwave region [2]. 

Near-field optical microscopy is considered to be a novel field of optics 
and photonics that is supported by modern nano-fabrication technology as 
well as precise control of the scanning probe tip and techniques for image 
processing, both of which were adapted from scanning tunneling microscopy 
(STM) and atomic force microscopy (AFM), which were developed in the 
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1980s. An important step toward realizing the near-field optical microscope 
was the study of a microwave version [3]. 

Experiments in the optical region were started by several groups in the 
1980s [4, 5]. Since then, many types of probes and systems have been devel
oped, such as ones using small apertures [6], squeezed glass pipettes [7], and 
sharpened optical fibers [8]. Among them, a sharpened single-mode optical 
fiber prepared by chemical etching demonstrated the smallest apex diameter, 
the highest reproducibility in fabrication, and the first nanometric resolu
tion picture of a biological specimen [9]. An important recent advance was 
a demonstration of underwater operation [10], which is essential for in vivo 
biological measurement. A wide variety of near-field optical probes are now 
available for both dielectric types, metal-clad aperture types, and combined 
types. 

Several techniques have been introduced with different names depending 
on their technical apparatus, such as probes and means of illuminating the 
specimen, and their signal detection. They include scanning near-field op
tical microscopy (SNOM), near-field scanning optical microscopy (NSOM), 
photon scanning tunneling microscopy (PSTM), scanning tunneling optical 
microscopy (STOM), and so on. A classification can be found in Ref. [4]. 
Although it might be convenient to use different names for near-field opti
cal microscopes for the purpose of technical classification, we intend to use 
a unique and general name, i.e., near-field optical microscopy (or NOM for 
short), throughout this book in referring to all such techniques. Our objec
tive in doing so is to describe the basic concepts underlying optical near-field 
problems, using a general framework of interaction-type scanning probe mi
croscopy that includes STM, AFM, and so on. Therefore, the acronym NOM, 
as used in this book, should be considered as referring not to a specific mi
croscopy technique, but to near-field optical microscopy in general. 

1.3 Basic Features of an Optical Near Field 

To describe the basic features of an optical near field, this section first explains 
the concepts of an optically "near" system and an effective field. Here, it 
should be noted that an evanescent field, sometimes described in textbooks 
on classical optics, is an example of an effective field. Next, the principle of 
detecting an effective field is explained. Finally, the role of a probe tip is 
described. 

1.3.1 Optically "Near" System 

Understanding the physical background of optical near-field problems is the 
key to the study of the principles of NOM and to further development of 
related technologies. The meaning and importance of optical near-field phe
nomena can be studied in the framework of general optical processes, such as 
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a light-scattering process involving two atomic-scale objects, A and B. When 
one considers an electromagnetic interaction between two such objects, which 
are isolated as an electronic system, one finds that several features charac
terizing the nature of the interaction arise, according to the specific size of 
the region occupied by the electromagnetic field. That is, by noting that an 
optical process is a measurement of the response of a sample system placed 
between a light source and a photodetector, we can formulate three typical 
ways of characterizing the optical process according to the distance between 
A and B. They can be referred to as optically "far," "near," and "close" with 
respect to the electromagnetic interaction (see Fig. 1.1). 

An optically far system is one in which A and B are placed far apart 
relative to the wavelength of the incident light. In this case, the interaction 
between A and B is unidirectional. Since the light waves or photons propa
gating between A and B satisfy the usual dispersion relation, the system can 
be separated into two successive light-scattering processes. 

An optically close system is one that is electromagnetically tightly cou
pled owing to the existence of internal interactions between A and Beven 
when incident light is not applied . The electromagnetic interactions in this 
case are due to intrinsic fluctuations of vacuum and material polarizations, 
which give rise to van der Waals interaction, for example. In this case, a sys-
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tem composed of two atomic objects, A and B, can be considered as a kind 
of molecular state when one studies its optical response. If one attempted 
to describe the interaction between A and B, one would have to use quan
tum electrodynamics, and would find virtual photons that do not satisfy the 
dispersion relation of photons in free space being exchanged back and forth 
between A and B. 

An optically near system, which is conceptually in between optically far 
and close systems, is related to the optical near-field process; A and Bare 
placed at a distance shorter than the wavelength of the incident light. How
ever, the distance is still far with respect to the intrinsic interactions between 
A and B, which are also well separated with respect to their electronic states 
at this distance. When the system is illuminated by incident light, however, 
the electromagnetic interaction between A and B is not a single path. The 
scattered light reflected back from B to A has a considerable effect on the 
process, which depends on the distance between the objects: the shorter the 
distance, the greater the significance of the near-field effect. Therefore, the 
optical properties of A, such as its polarizability, depend on B. In this case, 
the electromagnetic interaction is quasi-static and shows a mesoscopic na
ture. The objects A and B are thus inseparable when they are illuminated 
by the incident light. If one tried to separate A from B, one would see an 
electromagnetic field with a curious nature that was different from that of 
a simple propagating light wave or photon. If one expanded the electromag
netic field existing between A and B, one would find "evanescent waves" with 
a complex wave number, that is to say, waves not satisfying the dispersion 
relation of conventional light waves or photons in a vacuum. 

1.3.2 Effective Field and Evanescent Field 

With respect to the internal field existing between A and B, the above
mentioned optically far, near, and close systems can also be called "macro
scopic," "mesoscopic," and "microscopic," respectively. By using the char
acteristic parameter kl (where k and I are the wave number of the incident 
light and the characteristic size of the system, respectively), these systems 
may be roughly assigned to the ranges kl ~ 1, 0.01 ~ kl < 1, and kl < 0.01, 
respectively. (Note that the numerical value 0.01 is used to represent only 
qualitatively that kl must be sufficiently smaller than unity. There can be 
some flexibility as regards the marginal value of 0.01; for example, it could 
vary from 0.005 to 0.05.) 

In the case of a mesoscopic system, namely, an optical near-field system, 
one encounters an internal field of mesoscopic nature. The internal field is 
characterized by an effective field that represents the averaged effect of the 
microscopic interaction process over a volume V ::: 13 • The size parameter 
I characterizes the optical process taking place in the subsystem, and the 
interaction with a shorter correlation length averaged over the volume V 
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behaves as an effective field. The effective field is considered to be a coupled 
mode of the electromagnetic field with matter in the smaller system. 

To study the meaning of effective fields and scales of measurement, it 
is important to consider the behavior of electromagnetic waves near a di
electric surface from both the macroscopic and microscopic points of view. 
Let us consider a planar dielectric-air boundary where the material behavior 
changes abruptly relative to the optical wavelength. Here the optical wave
length corresponds to the long-range correlation length of electromagnetic 
interaction. There are also short-range interactions down to the atomic scale, 
which usually give rise to no observable effect in the macroscopic regime. 
However, owing to the abrupt termination of the medium, electromagnetic 
interactions of any correlation length are exposed to the outer half-space 
around the boundary. 

The interactions corresponding to long-range correlations generate the 
common phenomenon of "total internal reflection" when the incident angle 
of the light is larger than the critical angle. In this case, a refracted wave 
showing an exponential decay in the direction normal to the boundary surface 
is referred to as "an evanescent wave." It exists only as a coupled mode of 
the electromagnetic field with material excitations on the surface, and carries 
energy and pseudo-momentum along the surface. The range of interaction 
associated with the evanescent wave is referred to as the penetration depth. 
It represents the decay distance of the field amplitude from the surface, and 
is equivalent to the inverse of the imaginary part of the complex wave number 
of the evanescent wave. 

Evanescent waves involve two important physical meanings in the context 
of effective field and near field optics: 

1. they provide an example of an effective field with a finite range of elec
tromagnetic interactions; 

2. they provide an example of an effective field being exposed to the outer 
half-space of a dielectric medium. 

These two points concern the foundations of near-field nano/atom optics 
and technology. It should be noted that the perfect elimination of a refracted 
propagating wave and the appearance of an evanescent wave of a specific wave 
number occur only in the case of planar dielectric boundaries. In fact, these 
effects are due to the perfect translational symmetry of the system along 
its boundary surface. In the case of a nonplanar surface, there arise both a 
refracted propagating wave and an evanescent wave with a wave vector whose 
value depends on the shape of the surface. 

1.3.3 Near-Field Detection of Effective Fields 

Before proceeding to general cases, let us consider some observations of 
evanescent waves which will provide us with a simple example showing the 
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fundamental process of NOM. First, let us consider the evanescent wave gen
erated on a prism surface that a propagating light wave strikes at an angle of 
total reflection. If a second prism is held at a short distance above the surface 
of the first prism, a polarization wave is induced on the secondary surface 
as a result of electromagnetic interactions between the two closely separated 
facing prism surfaces, which in turn excites a propagating wave in the second 
prism. As a result, a part of the light wave is transmitted to the second prism, 
and the process of total internal reflection is said to be "frustrated." The mag
nitude of the intensity transmitted through the air gap depends on the gap 
separation, which is attributed to the exponential decay of the evanescent 
wave. The effect of the frustrated total internal reflection suggests that one 
can observe an evanescent wave by immersing a probe into the evanescent 
wave and measuring scattered light waves with a photodetector. 

A probe is not necessarily a planar dielectric, but can be anything capa
ble of frustrating the total internal reflection and producing a propagating 
field that is detectable in the far field. The idea of frustrated total internal 
reflection can be extended to near-field optical measurements of a confined 
field existing in close proximity to a material surface. In other words, one can 
observe even a "short-range" effective field exposed at a surface by putting a 
small probe tip near the surface, at a distance close to the penetration depth 
of the effective field. In this case, the probe tip couples directly with a local 
oscillating polarization induced in the illuminated surface. 

If one observes the optical response of matter on a subwavelength scale, 
one should find that short-range electromagnetic interactions in subsystems 
constitute the macroscopic optical response. Then one will see that the nature 
of the substantial interaction depends on the scale on which one observes the 
subsystem. It should be noted that, in principle, one can trace the substantial 
interaction processes down to the atomic scale. In general, when one considers 
the optical response of dielectric matter, one can trace substantial interactions 
over a volume as large as ,\3 (where ,\ is the wavelength of the incident light). 
This gives the macroscopic dielectric characteristics. The interactions in the 
subwavelength range are, in this case, considered as fluctuations. 

However, the situation is very different in the case of surface phenomena, 
because all of the substantial interactions are exposed to the outer half-space 
owing to the abrupt termination of the matter at the surface. It becomes 
possible to observe microscopic effective fields if a probe tip can interact 
directly with these effective fields at a small penetration depth. In this case, 
the probe tip scatters the local effective field into a propagating field that is 
observable in the far field. Such near-field detection of effective fields on a 
material surface is the essential characteristic of scanning probe microscopes, 
including STM, AFM, and NOM devices. Thus, the key to these types of 
near-field detection is to understand the role of local probes. 
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1.3.4 Role of a Probe Tip 

We consider an optical process involving a physical system that can be sep
arated into two electronically isolated subsystems, one corresponding to a 
specimen and the other to a probe. Here, it is assumed that an isolation 
scheme is implemented between a light source and a photo detector so that 
a signal can be transmitted from the light source to the photodetector only 
through interaction between the specimen and the probe tip. Such an iso
lation scheme is one of the fundamental requirements for near-field optical 
measurements. 

A light wave incident on the specimen drives an effective field both in
side and outside the specimen. For observation of the effective field near the 
specimen, the following two requirements have to be met: 

1. the probe tip must have dimensions as small as the specimen (this re
quirement determines the penetration depth of the effective field, since 
the effective field corresponds to the electromagnetic correlation produced 
in the specimen itself); 

2. the probe tip must be placed near the specimen, where an effective field 
with a short penetration depth maintains its significance. 

If these requirements are met, the small specimen and the probe tip form 
an interacting subsystem. As a result, the effective field of the specimen turns 
out to be an internal field of a coupled system, which produces a light wave 
scattered from the probe tip and reaching the photodetector. This approach 
to detecting an optical near-field event is the essence of the near-field optical 
analysis of material systems. 

The requirements of implementing this approach have been supported 
theoretically. That is, the NOM process can, to some extent, be described in 
terms of conventional electromagnetic theories, thus demonstrating several 
basic features of optical near-field interaction [11]. Among them, two results 
justifying these requirements are described below. 

1. Size-dependent localization. The theory has described the short-range na
ture and spatial locality of the optical interaction of two closely spaced 
objects. An important point is that the result is scaled not by wavelength 
but by the sizes of the object and the probe. It should be emphasized 
here that a field calculation alone is not sufficient for the theoretical 
description of a NOM process. Instead, one should consider an interact
ing sample-probe system as an important subsystem separated from a 
global NOM process. When the sample-probe system is irradiated by an 
evanescent wave with a wavelength larger than that of the sample-probe 
system, the transferred optical intensity can be calculated on the basis 
of conventional Mie scattering and Kirchhof's integral. Therefore, the re
sult is related to the far-field observation of the sample-probe scattering. 
A rapid decay of the transferred intensity can be clearly shown by in
creasing the sample-probe distance. The size-dependent localization of 
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optical near-field interaction is one of the most important features of a 
general NOM system. This feature was confirmed by accurate experimen
tal work [12]. 

2. Size-resonance behavior. The transferred optical intensity takes a max
imum when the sizes of the sample and probe are equal. This size
resonance behavior is also important in the general NOM process. That 
is, the near-field optical interaction between sample and probe exhibits 
a kind of resonance character with respect to spatial frequency. 

To extract optical near-field phenomena from the whole light-scattering 
process, one needs to use a probe tip that is sensitive only to high-spatial
frequency components relevant to the local effective field around the speci
men, as well as a signal-processing scheme that eliminates the signal back
ground. This is why the technique of fabricating fine probes is of primary 
importance. It should be noted that the probe tip as a spatial-frequency fil
ter must have a specific bandwidth that corresponds to the locality of the 
effective field confined around the specimen. 

1.4 Building Blocks of Near-Field Optical Systems 

Since near-field detection of a near-field event is the fundamental process that 
allows microscopy and related systems to go beyond the diffraction limit, the 
NOM system can be divided into several fundamental building blocks, as 
listed below. Each of these has a different characteristic size with respect to 
the electromagnetic interaction. Interpretations of any NOM image and the 
output signals from near-field optical systems require an appropriate evalua
tion of all of the following characteristics of the building blocks of the specific 
system. Although only the building blocks for a near-field optical microscope 
are shown here, it should be noted that the following list is also effective for 
general near-field nano/atom optical systems such as spectroscopy, fabrica
tion, and manipulation. 

1. Local electromagnetic interaction. The primary part is the local elec
tromagnetic interaction between the nanometer-sized specimen and the 
probe tip, which exhibits a short-range nature. That is, the interaction 
is effective only when they are in very close proximity to each other. 
Such a short-range electromagnetic interaction corresponds to a very lo
cal perturbation of the electromagnetic background due to the presence 
of subwavelength objects, namely, the specimen and the probe tip. 

2. Coupling from near to far field. To observe the local electromagnetic in
teraction between the specimen and the probe tip, one has to realize an 
adequate coupling of the local event to some propagating field that ex
tends to the light source and photodetector. The typical coupling scheme 
employs irradiation of the specimen with an evanescent wave and the 
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connection of the probe tip to a single-mode optical fiber. The combina
tion of the probe tip and the coupling scheme should have the character 
of a "spatial-frequency filter" that picks up the spatial Fourier compo
nent lying within an adequate window fitting the geometrical shape of 
the specimen. 

3. Signal collection and transfer. To send a message to the local specimen 
and observe its response, one uses a light source and a photodetector 
placed at each end of the optical system. The important elements of the 
NOM system are a scheme for isolating the source field from the detector 
field and an extremely sensitive photodetection technique. In particular, 
the former reduces the signal background containing information about 
the averaged optical properties of the system. 

4. Production of a NOM image. A NOM image is provided by means of a 
computer-aided mapping of the signal for the positions of the probe tip 
scanned two-dimensionally. 

5. Interpretation of the image. To interpret the NOM signal, one needs to 
seek clues from theoretical analyses, such as the nature of the interaction 
between the specimen and the probe tip, the polarization dependence 
on the illumination and signal collection scheme, and the signal transfer 
function of the probe tip as a function of the spatial modulation of the 
local field described on a spatial Fourier frequency basis. 

There is current interest in combined NOM operations using several differ
ent types of scanning probe microscopes, such as STM and AFM. One of the 
most popular techniques is a shear force-controlled positioning of the NOM 
probe tip, which utilizes the atomic force between the specimen's surface 
and a vibrating probe. The amplitude modulation of the resonant vibration 
of a NOM probe due to the atomic force exerted by the specimen's surface 
provides a measure of the sample-probe separation. Although the combined 
operation might be attractive, one must pay attention to interference be
tween fundamental processes, that is, one must be aware that interaction
type microscopes employ a process of destructive measurement. When the 
types of interaction combined are very different in their natures and in their 
scales of relevant spatial sizes, time constants, and material characters, and 
so on, the combined apparatus provides much useful information. However, 
if their ranges are in competition with each other, the results obtained are 
very different from the expected ones. In fact, in some situations, a seemingly 
different measurement of a specimen may result in a similar image owing to 
interference. This difficulty is often referred to as an "artifact" problem. 

NOM and related techniques involve a wide variety of interesting physics 
and a novel field of applications. This is because a specific internal field ex
hibits a significant effect on the optical property of matter when the effective 
field exhibits a resonance behavior. Here, the resonance behavior represents 
the state in which a specific space-time correlation of internal interaction 
processes or a cumulative motion of the internal degree of freedom becomes 
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significant. In these cases, one can describe the corresponding effective field 
as a well-established mode, such as plasma oscillation in a metallic medium. 
The remaining parts of internal interactions with shorter correlation ranges 
are considered as fluctuations in the optical property of the system. For ex
ample, a surface plasmon has been used for NOM techniques, which involves 
a resonance interaction with a metallic surface. Since the character of the 
resonance strongly modifies the near-field interaction between the observed 
surface and probe tip, one can use it to obtain specific information about the 
sample by means of the probe tip. This type of probe tip is generally referred 
to as a "super-tip." With super-tips, one can make intensive use of spectro
scopic measurement, taking advantage of a NOM with illumination from a 
tunable laser light. It should be noted, however, that a resonance-type NOM 
rejects all signals coming from interactions beyond its resonance range. 

1.5 Comments on the Theory of Near-Field Optics 

As is generally required for any kind of interaction-type scanning probe mi
croscopy, one has to deconvolute the specimen-probe tip interaction into the 
characteristics of the unperturbed state of a specimen. Thus, a theoretical 
background is important for image interpretation. The NOM system is a com
plicated version of a light-scattering problem that involves electromagnetic 
interactions of matter on several different characteristic scales. However, in 
principle, if NOM does work at all, it should allow one to arrive at a simple 
understanding and theoretical description of the local electromagnetic inter
action, since it would otherwise be impossible to discuss any NOM image in 
relation to the topographic nature of an observed specimen. 

It is important to note that a NOM system involves several subsystems 
with different characteristic scales as regards electromagnetic interaction. In 
this case, we can describe the most important subsystem of the specimen 
and probe tip in terms of a local theoretical treatment, or nonglobal theory, 
which in turn allows a simple interpretation of the NOM image. Two impor
tant schemes with different scales make it possible to connect the nanometer 
to micrometer ranges, namely, the schemes of near-to-far coupling and light
wave transmission. Thus, the process of the near-field detection of near-field 
events has an essential meaning in the light-scattering process of the NOM 
system. It should also be noted that such a nonglobal theoretical treatment 
is general for mesoscopic systems, and that an appropriate model is indis
pensable for understanding the nature of the near-field phenomena as well as 
their application. 

To support experimental work using NOM, a theoretical evaluation of the 
intensity scattered from a sample-probe system is not sufficient. One of the 
most useful theoretical descriptions is the angular spectrum representation 
of the scattered field. The angular spectrum provides a way of evaluating the 
electromagnetic interaction of a near-field regime in terms of waves with very 
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high spatial frequency and correspondingly short decay length. The scattered 
wave from an object is represented as the sum of the propagating (homoge
neous) plane waves in all spatial directions and evanescent (inhomogeneous) 
waves with an entire set of values of penetration depth. The dominant spatial 
frequency can be found from the peak of the angular spectrum, and the lat
eral locality of the interaction can be found from the spectral width around 
the peak. 

An important requirement for further development of NOM theory is 
to establish an empirical or intuitive model describing a local optical process 
that is quasi-static and short-range as regards the nanometer-scale specimen
probe tip interaction. The model description would be more fruitful if it 
could provide some novel evidence of the physical importance of the local 
interacting subsystem, or more generally of optical near-field problems, in 
some way such as an excitation transfer or tunneling of quasi-particles. As 
an example, a quasi-particle model of a local specimen-probe tip interaction 
can be described in terms of Yukawa-type screened potential [13]. Such a 
model provides a convenient way of evaluating the signal transfer function in 
terms ofthe spatial Fourier frequency and understanding the NOM process as 
a spatial frequency filter. The model description has the potential to extract 
some physical importance from the problems of localized interaction and 
optical near fields. 

It should also be noted that there is a relation between the tunneling phe
nomenon and optical near-field problems. The basic idea in Bardeen's picture 
describing the tunneling process in STM is the separation of the sample wave 
function and the probe wave function, which extend to the source and de
tector, respectively. From these wave functions, Bardeen extracted the most 
fundamental cross term of the tunneling current, and provided a comprehen
sive description of the STM process [14]. Bardeen's idea can be expected to 
be extended or developed by studying the conditions under which the sepa
rated evanescent fields on the sample and probe tip can be related to the idea 
of a tunneling current. Once an analogy between NOM and STM has been 
successfully established, one can give such tunneling photons or excitations a 
special importance that would lead to further developments in optical near
field physics. The overlap integral of evanescent waves describes a coupling 
of a decaying '.··ave from the source surface with an exponentially increasing 
wave to the detector surface. This behavior in surface-to-surface transmission 
of evanescent light waves shows a similarity to the tunneling nature of the 
Shrodinger wave [15, 16]. It has been shown that the angular spectrum rep
resentation of scattered waves and the introduction of evanescent waves are 
not mere mathematical tricks, but also have physical effects on atoms [17]. 
It has also been shown that any scattered light waves from an object of ar
bitrary shape can be expressed in terms of plane waves when they include 
both homogeneous and inhomogeneous waves [18]. Such an expansion of the 
arbitrary form of scattered waves into plane waves with a complex wave num-
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ber corresponds to the angular spectrum representation reviewed above. The 
amplitude distribution in the angular spectrum provides a measure of the 
range of penetration and locality of the optical near field. 

1.6 Composition of This Book 

It was explained in Sect. 1.3 that the optical near-field process involves an 
optically "near" system, in other words, an optically "mesoscopic" system 
in which two nanometer-sized particles are coupled through a short-range 
electromagnetic interaction by exchanging near-field photons. The basic idea 
of this book is that, in view of these features, the optical near-field process 
has intrinsic and promising applications not only in optical microscopy and 
imaging, but also in spectroscopy, fabrication, and manipulation, and so on. 
They can be realized by utilizing the interaction between the specimen and 
probe, which may sometimes be resonant. 

Accordingly, it is argued that near-field optics should be extended to the 
study of the interaction between nanometric matter and atoms, and to pos
sible applications. Therefore, the title of this book, Near-Field Nanol Atom 
Optics and Technology, represents a field extending from microscopy to spec
troscopy, fabrication, and manipulation. Thus, the main part of the book is 
devoted to spectroscopy, fabrication, and manipulation of nanometric and/or 
atomic objects. For applications in these areas, the book starts by review
ing the principle and fabrication of a probe tip, which is the key device 
for generating and detecting an optical near field (Chaps. 2-5). For read
ers who are interested in general near-field optical microscopes, the second 
part of the book is devoted to a description of instrumentation and a re
view of imaging experimental results demonstrating high spatial resolution 
capability (Chaps. 6-8). The next chapters, which form the main part of the 
book, review recent progress in spectroscopy, fabrication, and atom manipu
lation, including several related plasmon technologies (Chaps. 9-11). Finally, 
existing theories are reviewed and future theoretical problems are outlined 
(Chap. 12). 
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Chapter 2 

Principles of the Probe 

2.1 Basic Probe 

2.1.1 Optical Fiber Probe for the Near-Field Optical Microscope 

As mentioned in Chap. 1, the principle of the near-field optical microscope 
(NOM) is short-range electromagnetic interaction between two antennas, a 
probe antenna and a sample antenna, which are much smaller than the wave
length of driving field. It is apparent that the fabrication and manipulation 
of the small antenna are the most important factors for the successful devel
opment of NOM. One of the most realistic and commonly used method for 
the preparation of the small antenna is sharpening an optical fiber to a very 
small apex. By employing the scanning technique already established in scan
ning tunneling microscope (STM) and atomic force microscope (AFM), the 
antenna at the apex of sharpened fiber works as a probe on a sample surface 
under precise distance control. The following sections contain the principal 
roles of the basic probe relating to the functions of each part of the probe. 

Figure 2.1 shows schematics of typical fiber probes, introducing the ter
minology for each part. A conventional optical fiber is sharpened by chemical 
etching in buffered hydrofluoric acid (see Chap. 3). An apex (diameter d=2a), 
which is the antenna of the fiber probe, can easily be made small, and a mini
mum apex size of only a few nanometers has been already achieved. In NOM, 
only the apex works as an antenna, which interacts electromagnetically with 
the sample. The tapered part has a simple conical shape and the cone angle 
B is clearly defined. The apex radius and the cone angle can be varied by 
controlling the etching condition. The exterior surface of the probe is coated 
with opaque metal, such as aluminum or gold, to avoid the illumination of 
excitation light or the detection of the background signal through the side 
wall of the tapered part. The very end of the metal coating is removed to 
allow the sharpened glass part, including the apex, to protrude. The small 
aperture with diameter of dr (also called the foot diameter) makes an impor
tant contribution, as will be discussed later. We call the protruded glass part 
and the metal-coated part the tapered core and the metallized tapered core, 
respectively. The main objective of this chapter is to describe the functions 
of the apex, tapered core, and aperture in the imaging process. 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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Fig. 2.1. Schematics of typical fiber probes 
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The metallized tapered core is regarded as a metal-cladding (metallic) 
waveguide where excitation or signal light passes through. Since the metallic 
waveguide has a complex loss mechanism, e.g., the existence of a cutoff diam
eter and absorption by the metal cladding, the optimization of the structure 
of the waveguide is essential. We discuss the transmission characteristics of 
the metallic waveguide in Chap. 4. The constitutive material and structure 
of the fiber waveguide also determine several other important factors, includ
ing polarization preservation and the propagation feature of ultraviolet light. 
An optimized design of a fiber probe for ultraviolet spectroscopy appears in 
Chap. 3. 

2.1.2 Principle of the Imaging Mechanism: Dipole-Dipole 
Interaction 

The spatial resolution and contrast in NOM imaging strongly depend on 
the structure of the fiber probe, e.g., the apex diameter, cone angle, foot 
diameter, and so on. In this section, we design an optimized structure for a 
fiber probe for the simultaneous achievement of high spatial resolution, high 
contrast, and high sensitivity. Since the apex size and the sample size are 
much smaller than the wavelength of the irradiation light (Rayleigh particles), 
the framework of the design is based on the simple theory of two interacting 
electric dipoles [1-3]. 
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As shown in Fig. 2.2, the apex and the sample are assumed to be small 
spheres with finite radii of aa and as respectively. Two dipoles with polariz
abilities of O'a and O's are driven by an external electric field E. The modula
tion of polarizability due to the dipole-dipole coupling is described as 

for a broadside illumination (Fig. 2.3a) and 

LlO' = -aaas/ R3 

(2.1) 

(2.2) 

for an end-on illumination (Fig. 2.3b), where R is the distance between the 
centers of two spheres. The polarizabilities can be written in terms of the 
sizes of the spheres and their refractive indices, na and ns , 

O'j 

9j 

3 9jaj 

(n? - l)/(n? + 1) (i = a,s) (2.3) 

In the derivation of Eq. 2.3, the influence of the substrate on which the sample 
exists is not taken into account. In the standard operation of NOM, we detect 
the electric field intensity as 

IEs + LlEsl2 ex [(O'a + LlO') + (O's + LlO')]2IEI2 

~ (O'a + O's)21E12 + 4( O'a + O's)LlO'IEI2 (2.4) 

where Es and LlEa are the unmodulated and modulated electric fields, re
spectively, scattered by the coupled dipoles. In Eq. 2.4, the first term is back
ground signal, which does not have any dependence on the relative position 
of the apex and the sample. The second term is strongly dependent on the 
separation of the two dipoles, which contribute to the near-field signal with 
spatial resolving power. 

Several important features of the interacting dipoles in the near-field re
gion can be derived immediately from these equations. In the following sec
tions, on the basis of the coupled dipoles model, we investigate the desirable 
shape of a fiber probe for the achievement of high resolution, high contrast, 
and high sensitivity. 

2.1.3 Resolution 

From the simple coupled dipoles model, it can be inferred that the ultimate 
spatial resolution of NOM is determined only by the apex size. The other 
parts of the probe, such as the aperture and the tapered core, contribute to 
the enhancement of contrast rather than to the achievement of high resolu
tion. This section is devoted to a discussion on the optimization of the apex 
size to obtain the sufficient resolution. 
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Using Eq. 2.1, where the broadside illumination is assumed, we consider 
the apex-size-dependent feature of spatial resolution relating to the sam
ple size. The size of the sample is fixed as as=a (<< A). For an apex with 
radii 2a, a, and 0.5a, the change in the polarizability modulation .da in a 
line scan is depicted as a function of the horizontal separation, x, from the 
sample (Fig. 2.4). The strength of the modulation .da is normalized by the 
polarizability of the sample as. In this calculation, the NOM is operated in 
constant-height mode, where the distance between the apex and the substrate 
is constant. The closest spacing between the apex and the sample is zero in 
the three cases. With decreasing apex radius, the image size becomes smaller 
while the signal intensity also decreases. The width of the signal profile and 
the peak intensity of the signal are plotted as a function of the apex radius 
in Fig. 2.5. As far as the resolution is concerned, this result suggests that the 
smaller apex is more suitable. To determine the optimized apex size, how
ever, the image contrast should be taken into account. The image contrast, 
the ratio of modulated to unmodulated scattering field intensity, is derived 
from Eq. 2.4 as 

Figure 2.6 shows the calculated result of the contrast as a function of apex 
radius. The material of the sample is assumed to be glass (ns=1.5, 9s=0.3) 
and the apex is chosen to be 9s=0.3 (glass) and 9s=3 (metal). In both cases, 
the contrast becomes highest when the apex size is similar to the sample 
size. This behavior is easy to explain qualitatively. The modulated inten
sity saturates with increasing apex size because only part of the large apex, 
which is near the sample, contributes to the polarizability modulation. Since 
the unmodulated intensity increases in proportion to the apex volume, in 
contrast to the saturation of the modulated signal, the contrast decreases 
monotonously. On the other hand, the modulated intensity decreases with 
a reduction of the apex size to zero. The contrast also deteriorates because 
the unmodulated scattering signal from the sample remains constant, and is 
much larger than the modulated signal. 

One general conclusion can be derived from these simple considerations, 
which is that the optimized apex size is the same as the characteristic size 
of the sample investigated. Taking into account the signal intensity and the 
contrast, an apex size much smaller than the sample size is unsuitable even 
though it realizes better resolution. 

2.1.4 Contrast 

In the previous section, on the basis of the coupled dipoles model, we con
cluded that the apex size should be the same as the sample size. As long 
as the apex works as a scattering antenna, the contrast given by Eq. 2.5 is 
almost independent of the refractive index of the apex (a change by a factor 
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Fig. 2.6. Contrast as a function of apex radius 

of three at the most, as shown in Fig. 2.6}. To enhance the contrast more 
effectively, it is necessary to introduce a novel probe, such as a fluorescent 
probe with wavelength conversion, as described in Sect. 2.2. Prior to such 
consideration, in this section, we discuss how the contrast can be improved 
for a fiber probe with a tapered structure. 

In the coupled dipoles model, the apex and the sample are treated as small 
spheres. In actual operation, however, the small apex is fabricated at the very 
top part of the tapered structure. This tapered part, in general, spoils the 
contrast of the image since it also couples to the sample dipole and generates 
an intense background signal. To estimate this influence qualitatively, we use 
a simplified model for the tapered probe, as shown in Fig. 2.7, where the 
tapered part is replaced by a composite of spheres. The radii of the apex and 
the sample are equal to a. A comparison of the signal profiles between probes 
with different cone angles is made in Fig. 2.8. Here the coupling between the 
apex and the tapered part is neglected. While the resolution and intensity 
of the required signa.l a.re the same in both cases, the intensity of the back
ground signal due to the coupling between the sample and the tapered part 
is generally different. When the cone angle is large, the interaction between 
the sample and the large sphere generates an intense background signal and 
as a result the contrast deteriorates. This estimation suggests that the cone 
angle should be small to suppress the background signal. 
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Fig. 2.7. Simplified model for a tapered probe 
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As a more effective method to eliminate the undesirable signal, especially 
in the case of a collection-mode NOM operation (see Sect. 6.1.1), the contri
bution of a small metal aperture is considered in this section. An aperture 
with a diameter smaller than wavelength of light can be employed as a spa
tial frequency band-pass filter, whose feature is determined principally by the 
aperture size (foot diameter dr). Recently, based on numerical calculations, 
Jang [4] found the resonance (band-pass) enhancement in the detection effi
ciency of the signal when the sample size is similar to the aperture size. In 
Sect. 1.3.4, this resonance has been called as size-dependent behavior. If the 
aperture is incorporated within the tapered probe, the contrast of the im
age can generally be improved. Figure 2.9 shows the expected signal profile 
when comparing probes with and without an aperture. Due to the band-pass 
behavior of the aperture, the coupling between the sample and the tapered 
part is effectively suppressed, and the resultant background signal is much 
decreased. (In this calculation, -5 dB suppression of the coupling efficiency 
between the sample and the tapered part is assumed.) It should be added 
that in actual operation, the aperture also rejects the scattered stray light 
from other small structures existing near the objective sample. We can con
clude that an apertured probe with a small cone angle is the best structure 
for obtaining high-contrast images. 
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Fig. 2.9. Signal profiles obtained by tapered probes a without aperture and b with 
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2.1.5 Sensitivity 

From Eq. 2.3, we have two ways to acquire the maximum signal (modulation) 
intensity. The first method, as already mentioned in Sect. 2.1.3, is to make 
the apex size as large as the characteristic size of the sample investigated. 
By optimizing the apex size, we obtain large polarizability from Eq. 2.3 and 
the resultant modulation is also enhanced without serious deterioration in 
the spatial resolution. The second method is to use a material with large 
refractive index na as the apex. We have some candidate materials such as 
semiconductors, metals, and so on. For example, silicon has a refractive index 
of na ...... 4 in visible region and the pol ariz ability modulation is enhanced by a 
factor of three compared with the glass apex (na ...... 1.5). A few groups have 
applied a silicon probe [5, 6] in NOM operations although the apex size 
was not sufficiently small to obtain nanometer-size resolution owing to the 
difficulty of sharpening silicon. A metal sphere (plasmon probe; see Chap. 10) 
is also efficient owing to its negative dielectric constant and its resonant 
behavior at the irradiation wavelength oX where n2 (oX} equals -2. Figure 2.10 
shows the plots of calculated values of 1912 for silver as a function of irradiation 
wavelength using numerical data of the complex refractive index of silver [7]. 
In order to estimate the enhancement factor compared with a glass apex, 
1912 for silver is normalized against that for glass. An enhancement factor of 
more than ten will be expected to obtain all over the visible region. Moreover, 
around an irradiation wavelength of 350 nm, where the real part of Inl2 is 
almost equal to -2, 1912 increases resonantly. The Q factor of the resonance 
is determined by the imaginary part of In12, which is strongly dependent on 
the kind of metal. 

The improvement,of the sensitivity by a metal probe is frequently em
ployed as a near-field plasmon microscope since it can easily be realized by 
using metal probes for STM or metal-coated glass fiber probes. In the case of 
collection-mode NOM, however, when the protrusion part is completely met
allized, the transmission intensity of the signal light into the fiber is generally 
decreased. Therefore the thickness of the metal film, which also influences the 
resonant behavior of the plasmon probe, is an important design factor. The 
strong optical confinement effect of a metal apex is promising technique, 
which can be applied as a small and intense light source for nanostructure 
fabrication. 

In conclusion, the important components for the optimization of the probe 
are summarized as follows: 

L the apex size should be the same as the characteristic size of the sample 
to be investigated; 

2. the smaller the cone angle, the smaller the undesirable background signal 
due to the dipole coupling between the sample and the tapered part; 

3. the coupling can also be eliminated more efficiently by the combination 
of a metal aperture with a glass tapered part; 
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Fig. 2.10. Enhancement factor of polarizability of silver particle as a function of 
wavelength of irradiation light 

4. by proper metallization of the apex, the signal intensity is much enhanced 
compared with that from a bare glass apex. 

2.2 Functional Probe: New Contrast Mechanisms 

2.2.1 Signal Conversion by Functional Probes 

In Sect. 2.1 we considered the most standard operation of NOM, where the 
apex works as a simple scattering antenna to interact with the sample and 
contribute to the slight modulation of the mutual pol ariz abilities. If the apex 
has other functions, such as being absorptive, fluorescent, or chemically sen
sitive, the possible applications of NOM become considerably increased. For 
this purpose, several groups have been trying to fabricate sharpened mi
cropipettes filled with dye molecules [8] or molecular microcrystals [9], and 
cleaved semiconductor crystals [10]. One advantageous way to use new func
tions is signal conversion to achieve a high-contrast image. For example, flu
orescent material absorbs the near-field light and emits the fluorescence at a 
different wavelength, which enables us to extract the modulated signal from 
the intense unmodulated background signal. To give the probe these func
tions in a very small region, however, several new techniques will need to 
be introduced and developed. One promising fabrication technique for func
tional probes and their applications is described in Chap. 5. In this section, 
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we describe the importance of signal conversion techniques using functional 
probes from the viewpoint of new contrast mechanisms. 

The difficulty of generating high-contrast imaging is the most serious and 
general problem encountered in the study of small features of surface struc
tures. From Eq. 2.5, it is inferred that the smaller the sample, the more diffi
cult it is to extract the required signal obscured in the background signal. In 
fact, since the tapered part also generates a background scattered signal, the 
contrast is even lower than that given by Eq. 2.5. If we can suppress the back
ground signal in some way, a highly-resolved, clear image will be obtained 
more easily. The techniques of signal conversion, such as absorption and the 
resultant fluorescence, or a nonlinear change in polarization, contributes to 
the background rejection as well as the filtering method, such as the employ
ment of a band-pass filter or a polarizer. Some of these techniques are related 
to near-field spectroscopy, which is widely applied in various fields including 
device characterization, material physics, and analytical chemistry. 

2.2.2 Absorption and Emission: Radiative and Nonradiative 
Energy Transfer 

In this section, by introducing the principle of radiative energy transfer be
tween two single molecules [11], we describe how the image contrast can be 
improved through the wavelength conversion process. We consider the energy 
transfer between a donor and an acceptor which have absorption and emis
sion spectra as shown in Fig. 2.11. Here, the donor and acceptor molecules 
are given the role of the sample and apex, respectively. If the wavelength 
of light for the donor excitation is set at .Aexc , an excitation of the accep
tor molecule can be avoided. Due to the wide overlap of donor emission and 
acceptor absorption spectra, however, the excitation of the donor transfers 
to the acceptor when the apex (acceptor) approaches the sample (donor) 
within the characteristic Forster dipole-dipole resonance energy transfer ra
dius Ro. If we detect the fluorescence from the acceptor through a band-pass 
filter, a background-free signal is obtained, where the emission from the donor 
(background) directly excited by the excitation light is effectively rejected. 
This corresponds to the situation in which only the modulated component 
of scattered light is extracted in standard near-field signal detection. A high
resolution image will be also obtained since the interaction distance Ro lies 
typically within a few nanometer range. The successful rejection of back
ground and resultant high contrast is attributed to the wavelength conversion 
technique; the direct excitation of the acceptor is avoided by selecting the ex
citation wavelength, and the fluorescence from the donor is rejected by the 
filtering method. Although single molecule imaging with an energy transfer 
mechanism is the ideal method, and the principal model of near-field dipole
dipole interaction, in practical experiments, serious technical difficulties are 
encountered: it is almost impossible to handle a single acceptor molecule ar
bitrarily at the present time. It is expected that progress in the fabrication 
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technique of a functional probe will result in a new technology for single 
molecule manipulation. 
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Fig. 2.11. Principle of energy transfer between two single molecules 

Related to the energy transfer between two single molecules, a nonradia
tive energy transfer mechanism is also expected to bring about a similar effect 
of enhancement of the contrast. In general, many kinds of metal absorb in the 
visible region. If a metal particle is employed in place of the single acceptor 
molecule, nonradiative energy transfer occurs from the donor molecule to the 
acceptor metal within an interaction distance of around a few nanometers. 
Since the energy transfer probability is large enough, emission from the donor 
molecule is easily quenched by the approach of the metal within the interac
tion region. By scanning the metal apex, therefore, the donor molecule can be 
imaged as a hole with a spatial resolution of a few nanometers in the image 
of the donor fluorescence. Compared with energy transfer between two single 
molecules, this method can easily be realized: the apex of the metal-coated 
apex works as the absorbing acceptor. 

2.2.3 Resonance, Nonlinearity, and Other Mechanisms 

Using the resonant and nonlinear features of the apex material is another 
promising way to enhance the image contrast. If the apex has a very sharp 
resonance structure of its refractive index in the spectral region, the apex
sample interaction in the near-field region induces effective modulation of 
signal properties, since it cooperates with the nonlinearity of the material in 
various ways (Fig. 2.12). When the apex approaches the sample to within the 
distance of the sample size, the resonance wavelength of the apex changes due 
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to the modification of the effective refractive index of the environment around 
the apex (in the case of a plasmon probe, see Sect. 10.2). The configurational 
resonant effect can be of practical use. The wavelength of the irradiation 
light is adjusted to slightly off resonance for the apex. With the approach of 
the sample, the resonant wavelength gradually changes, and finally coincides 
with the irradiation wavelength in the near-field region of the sample. In 
the framework of Sect. 2.1, a new position-dependent feature is added to the 
modulated polarizability: the polarizability of the apex has a sharp resonance 
at an apex-sample distance of less than the sample size. It is theoretically 
predicted that when an extremely sharp resonance, such as the exciton state 
in CuCl, is employed as the apex and the sample, a spatial pattern much 
smaller than their real sizes will be obtained [12]. Moreover, if the apex 
material has a large nonlinearity at the resonance, such as the nonlinear 
polarization rotation, we obtain a background-free image by the rejection of 
unmodulated scattered light through the polarizer. 

T 
R 

1 
as » 

I 

J , 
\ 

, 

, 

, 
\ 

' .. __ n=no 

At' +---=---"-'--- A 
Fig. 2.12. Near-field interaction between sample and functional probe with sharp 
optical resonance 

The use of chemically sensitive material as the apex will open up a new 
type of scanning microscope. When light is used for the probe of the chemical 
reaction with the sample, this technique also belongs to one of the family of 
NOM. An apex which has such functions is called a nano-chemical sensing 
probe. Since, in general, the reaction occurs in the stage of the interaction 
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between single molecules within the contact region, the molecular size res
olution is achievable in principle. Furthermore, the image contrast will be 
improved when adequate detection of the response signal succeeds, such as a 
change in the emission spectrum due to a reaction with the sample. Details of 
the fabrication and application of a chemical sensing probe will be described 
in Chap. 5. 
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Chapter 3 

Probe Fabrication 

3.1 Introduction 

To perform a near-field optical microscopy (NOM) application such as opti
cal imaging of nanometric biological specimens and spatially resolved spec
troscopy of optical devices, one has to fabricate a nanometric probe which 
works a sensitive scatterer and/or a selective generator of high spatial fre
quency components of a localized optical near field. NOM employing a 
scatterer-type probe and a generator-type probe are defined as collection
mode (c-mode) NOM and illumination-mode (i-mode) NOM,l respectively. 
Instruments of i-mode NOM and c-mode NOM will be described in Chap. 6. 
For illumination-collection hybrid mode (i-c mode) NOM,2 one requires a 
probe functioning as both a generator and a scatterer of the optical near 
field. 

In order to realize such a scatterer-type probe and generator-type probe, 
forming a dielectric taper with a nanometric apex and also metallizing the 
taper has been used as an effective method. Popular methods for fabricat
ing dielectric tapers have been etching of a quartz crystal rod [1], pulling of 
a pipette [2], meniscus-etching of an silica fiber [3-6], selective etching of a 
fiber [7-11], pulling of a fiber [12-14], pulling and etching of a fiber [5, 15, 16], 
and meniscus-etching/selective etching of a fiber [17-19]. For the metalliza
tion of such a dielectric taper, a vacuum evaporation method [1, 2, 12] has 
been used in which the dielectric taper is coated with an aluminum or gold 
film by a vacuum evaporation unit. Among the fabricated probes, an optical 
fiber probe has high throughput due to its waveguide structure and has been 
widely employed for various applications in visible and near infrared regions. 

1 In the c-mode NOM, the light is incident to the total internal reflection. The three 
dimensional optical near field generated and localized on the sample surface is 
scattered by a probe and part of the scattered field is detected and collected 
through the sample and the probe The principle of operation of i-mode NOM is 
similar except that the probe acts as a generator of the optical near field which 
illuminates the sample surface. The field scattered by the sample is collected by 
conventional optics. 

2 In the i-c mode NOM, a sample is excited by an optical near field on the probe. 
The light generated on the sample is scattered and collected by the probe. 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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Three basic techniques, i.e., pulling, meniscus-etching, and selective etching 
have been used for tapering an optical fiber. 

By a pulling technique [12], in which an optical fiber is heated and pulled 
by a micropipette puller combined with a CO2 laser, one can fabricate a 
tapered fiber with an apex diameter of 50 nm and a cone angle of 20-40° 
using a commercial micropipette puller. However, it is difficult to control 
the cone angle while maintaining an apex diameter as small as 50 nm. With 
regard to the pulled fiber, the thermal properties of the metallized probe have 
been studied [20-22]. In meniscus-etching, originally developed to fabricate 
a fiber-optic micro lens [3], a single-mode fiber is immersed in HF acid with 
a surface layer of an organic solution. It is tapered with a cone angle since 
the height of meniscus formed around the fiber is reduced depending on the 
fiber diameter. Although the cone angle can be increased up to 35-40°, the 
obtained tapered fiber has a geometrically eccentric apex with an elliptical 
cross section. The longer and shorter principal diameters of this elliptical 
apex take values of 200 nm and 10-20 nm, respectively. To fabricate a probe 
with an apex diameter less than 10 nm, the selective etching technique was 
developed [7, 8]. The core is tapered by immersing a high-Ge02-doped fiber 
in a buffered hydrogen fluoride solution. The cone angle is controlled from 
20° to 180° for an apex diameter less than 10 nm. Further, selective etching is 
the most highly reproducible technique among the three. The characteristics 
of the basic techniques are summarized in Table 3.1. 

Table 3.1. Characteristics of the basic techniques for tapering an optical fiber 

Technique 
Meniscus-etching 
Selective etching 
Pulling 

Cone angle, 8 
9-40° 
14-180° 
20-40° 

Apex diameter, d 
60 nm or more 
10 nm 
50 nm 

Reproducibility 
80% or less 
Almost 100% 
Around 80% 

In imaging applications requiring high spatial resolution, a tapered probe 
or a metallized probe with a nanometric apex diameter and a small cone angle 
has to be fabricated because the resolution capability of the probe is deter
mined by its parameters such as the cone angle and the apex diameter (see 
Chap. 2.). However, the throughput 3 of a metallized probe is decreased by 
decreasing the cone angle. In spectroscopic applications where one must cope 
with extremely low detected power, the probe should have high throughput 
in i-mode and be highly sensitive in c-mode. In the i-mode NOM, to avoid 
thermal damage to the sample and the probe, the probe should be used with 
an input power as low as possible. Therefore, the resolution capability and 
throughput of the tapered probe have to be optimized depending on the ap-

3 When a metallized tapered fiber is used as a generator-type probe for an i-mode 
NOM employing an objective lens, the throughput is defined as the relative 
output power to the input power (see Chap. 4). 
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plication of NOM to imaging or spectroscopy. This optimization should be 
done through tailoring the probe. Furthermore to obtain a highly resolved 
image, a metallized probe must be tailored so as to have a protruding tip 
emerging from a metallic film. However, it is difficult to fabricate such a 
protrusion-type probe with a nanometric apex diameter by means of the vac
uum evaporation method because the apex is covered with a thin metallic 
film due to the throwing of the evaporated metal vapor. 

In order to fabricate application-oriented probes, we recently proposed 
some methods [16, 23-27] which were based on hybrid selective etching of spe
cially designed multistep index fibers [25, 26] and preferential etching of the 
metal covering the apex [17, 23, 27]. We succeeded in fabricating application
oriented probes such as a protrusion-type probe with high resolution capabil
ity [17, 23, 27], a double-tapered probe with high throughput [24], a triple
tapered probe with high resolution capability and high throughput [25, 26], 
and an ultraviolet probe with a pure silica core [16, 25]. In this chapter, these 
methods, which are based on selective etching and its basic techniques, are 
described. For reference, Table 3.2 summarizes the advantages of the probes 
described in this chapter. 

Table 3.2. Advantages of the probes described 

Advantage Probe Figure Section 

High resolution Protrusion-type shoulder-shaped probe 3.18 3.4.1 

[SP with a controlled cladding diameter] 3.5 3.3.1.1 

[SP with a nanometric flattened apex] 3.7 3.3.1.2 

Protrusion-type pencil-shaped probe 3.23 3.4.2 

[PP with a nanometric apex diameter] 3.17 3.3.2.2 
3.26a 3.5.3 

[PP with a ultra small cone angle] 3.14 3.3.2.1 

High throughput Double-tapered probe 3.11 3.3.1 

PP with a large cone angle 3.26e 3.5.3 

High resolution & Triple-tapered probe 3.26d 3.5.1 
high throughput 

UV UV single-tapered probe 3.29 3.6.1 

UV triple-tapered probe 3.32 3.6.2 

SP, shoulder-shaped probe; PP, pencil-shaped probe. 
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3.2 Selective Etching of a Silica Fiber Composed of a 
Core and Cladding 

Prior to describing methods for fabricating application-oriented probes, we 
present a geometrical model of selective etching which is a basic technique for 
tapering a fiber composed of a core and a cladding. Further, we discuss several 
fibers which were originally produced for an optical transmission system by 
vapor-phase axial deposition (VAD) [28]. 

3.2.1 Geometrical Model of Selective Etching 

Figure 3.1a shows a cross-sectional profile of the refractive index of a silica 
fiber with a germanosilicate (Ge02)-doped core and a pure silica cladding. 
Here, nl and n2 are the refractive indices of the core and cladding, respec
tively; 1'1 and 1'2 are the radii of the core and cladding, respectively. When 
the fiber is immersed in a buffered hydrogen fluoride solution (BHF) with 
a volume ratio of [NH4F aqueous solution (40wt.%)]: [HF acid (50wt.%)]: 
[H20]= X:l:l at 25°C, the core is hollowed at X=O and tapered at X=10. 
Figure 3.1b and c show schematic explanation of the geometrical models for 
hollowing and tapering, respectively. Bright shading and dark shading in the 
upper parts represent the cross-sectional profiles of the fiber before and after 
the etching, with b an etching time T and c an etching time T. ifJ is the con
vex angle of the hollow, T is the etching time required for making the apex 
diameter zero, d is the apex diameter, and () is the cone angle of the tapered 
core. The lower parts show the dissolution rates Rl and R2 of the core and 

REFRACTIVE 
n1 INDEX 

(a) (b) (c) 

Fig. 3.1. a A cross-sectional profile of a refractive index of a silica fiber. nl and 
n2 are the refractive indices of the core and cladding, respectively. rl and r2 are 
the radii of the core and cladding, respectively. b, c Top, geometrical models for 
b the hollowing and c the tapering processes, respectively. 4>, the convex angle of 
the hollow; T, etching time; T: etching time required for making the apex diameter 
zero; 0, cone angle of the tapered core; LTC, length of the taper.ed core. Bottom, 
cross-sectional profiles of the dissolution rates Rl and R2 of the core and cladding, 
respectively 
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cladding, respectively, where Rl > R2 in band Rl < R2 in c. Assuming that 
the dissolution rates Rl and R2 are constant, the convex angle t/J is expressed 
as 

(3.1) 

Relations between the cone angle 0, the length LTC of the tapered core, and 
the apex diameter d are represented by 

and 

sin(O/2) = Rd R2 

LTC = (rl - d/2)/tan(O/2) 

d(T) = { ~1'1(1- T/T) (T < T) 
(T~T) 

(3.2) 

(3.3) 

(3.4) 

Here the etching time T required for making the apex diameter zero is rep
resented by 

(3.5) 

3.2.2 Pure Silica Fiber with a Fluorine Doped Cladding 

By etching a pure silica core fiber with a fluorine-doped cladding with BHF, 
a tapered fiber with a constant cone angle is realized. Here, the ratio [Rd R2] 
of the dissolution rates is independent of the concentration of BHF. For 
the following discussion, we define the relative refractive index difference 
Lln of doped glass to pure silica, which is expressed as (n~ - nD/2n~ and 
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Fig. 3.2. a Dependencies of the dissolution rates Rl (dotted line) of the pure silica 
core, R2 (broken line) of the fluorine-doped cladding, and the cone angle 8 (solid 
line) on the volume ratio X of NH4F aqueous solution. The value of Lln defined as 
(n~ - nn/2n~ is -0.7%. b Dependency of 8 on Lln at X=lO 
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(ni - n~)/2ni for a pure silica core fiber and a pure silica cladding fiber, re
spectively. For the case of selective etching of a fiber with a relative refractive 
index difference .1n=-0.7% in BHF with a volume ratio X:1:1, the dissolu
tion rates Rl and R2 of the pure silica core and fluorine-doped cladding and 
the cone angle (J, depend on the volume ratio X of NH4F aqueous solution, 
as shown in Fig. 3.230. 

Figure 3.2b shows the dependence of (J on .1n at X =10, which reveals 
that the cone angle (J is controlled by varying .1n or the fluorine doping 
ratio. However, it is difficult to produce a VAD fiber with a fluorine-doped 
cladding and a large index difference of l.1nl > 0.7%. 

3.2.3 Ge02 Doped Fiber 

When a fiber with a Ge02-doped core and a pure silica cladding is immersed 
in BHF with volume ratios of X:1:1, the fiber is hollowed in X < 1.7 and is 
tapered in X > 1.7. Figure 3.3a shows the dependencies of the dissolution 
rates R1, R 2 , and the cone angle (J on X for a fiber with .1n=2.5%. The 
ratio Rd R2 decreases with increasing X and approaches a constant value 
at X = 1 0-30. The cone angle (J, determined by the ratio R d R2 , takes a 
minimum at X =10. 

If X is fixed, the cone angle of the tapered core is determined by the 
relative refractive index difference .1n. Since the value of .1n (> 0) is in
creased by increasing the Ge02 doping ratio, VAD is an effective method to 
produce a Ge02-doped fiber with .1n as large as 3.0%. Figure 3.3b shows 
the dependence of B on .1n at X =10. Furthermore, by etching a fiber with a 
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Fig. 3.3. a Dependencies of the dissolution rate Rl (broken curve) of the Ge02-
doped core, R2 (dotted line) of the pure silica cladding, and the cone angle /J (solid 
curve) on X. The value of Lln defined as (n~ - n~)/2n! is 2.5%. b Dependency of 
/J on Lln at X=10 
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high-Ge02-doped core and a fluorine-doped cladding, a tapered fiber with a 
very small cone angle of 14° [8, 9] is fabricated. 

3.2.4 Tapered Fibers for Optical Transmission Systems 

When the following five types of fibers, fabricated originally for optical 
transmission systems, are selectively etched in BHF with a volume ratio 
of [NH4F aqueous solution (40wt.%)]: [HF acid (50wt.%)]: [deionized wa
ter]= 10:1:1, one can fabricate tapered fibers with parameters as summa
rized in Table 3.3. These fibers are: (1) a 1.3-llm single-mode fiber (1.3 Ilm
PSF) with a pure silica core and a fluorine-doped cladding; (2) a 1.3-llm 
single-mode fiber (1.3 Ilm-SF) with a Ge02-doped core and a pure silica 
cladding; (3) a 0.6-llm single-mode fiber (0.6 Ilm-SF) with a Ge02-doped 
core; (4) a dispersion-shifted fiber (DSF) with a double Ge02-doped core; 
(5) a dispersion-compensating fiber (DCF) with a high-Ge02-doped core. 
While the cone angle is determined by the relative refractive index difference 
..:1n, the apex diameter is affected by the core radius r1. To fabricate a ta
pered fiber with a small cone angle and a nanometric apex diameter, one has 
to use a Ge02-doped fiber such as DCF with ..:1n as high as 2.5% and a small 
core radius of r1 = 1 Ilm. 

Table 3.3. Structural parameters of tapered fibers fabricated originally for optical 
transmission systems 

Fiber type Lln (%) rl (/Jm) () (at X=lO~ Apex diameter d (nm) 
1.3/Jm-PSF -0.35 5 1200 <200 
1.3/Jm-SF 0.3 5 105° <180 
0.6/Jm-SF 0.3 2 105° <60 
DSF 0.9 2 60° <20 
DCF 2.5 1 20 0 <10 

PSF, single mode fiber with a pure silica core; SF, single-mode fiber with a Ge02-
doped silica core; DSF, dispersion-shifted fiber; DCF, dispersion-compensating 
fiber. 

With a DCF with ..:111=2.5% and 1'1=1 Ilm, one can obtain a tapered 
fiber with a small cone angle of 20° and an apex diameter less than 10 nm 
with almost 100% reproducibility. Such a tapered fiber can be employed as 
a scatterer-type probe with high resolution capability for a collection-mode 
NOM [7]. Further, the cone angle can be controlled as 20°::;0<180° for d < 
10 nm by varying the concentration of BHF, as shown in Fig. 3.3a. Such 
high controllability of the cone angle is indispensable for tailoring a high
throughput probe and a high-resolution probe. Such a probe with a tapered 
core and flat cladding-end will be called a shoulder-shaped probe. 
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3.3 Selective Etching of a Dispersion Compensating 
Fiber 

Using a dispersion-compensating fiber (DCF), we have developed three types 
of probe. These are (1) a shoulder-shaped probe with a small cladding diam
eter, (2) a probe with a nanometric flattened apex, and (3) a probe with a 
double-tapered core. Further, to fabricate a pencil-shaped probe which has 
the tapered core and cladding with a controllable cone angle and a nanomet
ric apex, we developed two methods based on meniscus-etching and selec
tive etching. Methods for fabricating such shoulder-shaped and pencil-shaped 
probes are reviewed in Sects. 3.3.1 and 3.3.2, respectively. 

3.3.1 Shoulder-Shaped Probe 

3.3.1.1 Shoulder-Shaped Probe with a Controlled Cladding 
Diameter 

When a shear force technique is employed for NOM to regulate the sample
probe separation, the cladding diameter is one of the main parameters gov
erning the resonance frequency of a dithering probe. Although the cladding 
diameter of a shoulder-shaped probe can be reduced by increasing the etching 
time T, there is a more effective method for controlling it. Figure 3.4 shows 
this method schematically, where r2 is the cladding radius before etching, D 
is the cladding diameter of the probe, 0 is the cone angle of the tapered core, d 
is the apex diameter, and LTC is the length of the tapered core. This method 
involves two steps: (A) reducing the cladding thickness and (B) tapering the 
core. 

In step A, the fiber is immersed in BHF with volume ratio of [NH4F 
aqueous solution (40wt.%)]: [HF acid (50wt.%)]: [H20]= 1.7:1:lfor an etching 
time TA. The cladding diameter is reduced to [2r2 - 2R2ATA]' The core end 
is kept flat since the dissolution rates RIA and R2A of the core and cladding 
are equal. 

In step B, the fiber is selectively etched in XB:1:1 (where XB >1.7) for 
etching time TB' The core is tapered, with the cone angle 0 expressed as 

sin(O/2) = RlB/R2B (3.6) 

To make the apex diameter zero, the etching time TB must be longer than 
the time r which is given by 

(3.7) 

The cladding diameter D of the tapered probe is expressed as 

(3.8) 

which is proportional to the etching time TB. 
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(A) .. 
1.7:1 :1 

(8) .. 
X8:1:1 
(X8> 1. 7) 

-H
d 

D 

Fig. 3.4. Etching method to fabricate a shoulder-shaped probe. rl, '·2, radii of the 
core and cladding, respectively. V, reduced cladding diameter. 8, cone angle of the 
tapered core. LTC, length of the tapered core 

50nm 

Fig. 3.5. SEM micrographs of a a shoulder-shaped probe and b the magnified apex 
region. D=20 tJmj 8=200 j d < 10 nm 
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Using a DCF with T1=1 J1om, T2=62.5 J1om, and ..:1n=2.5%, we obtained a 
shoulder-shaped probe with a cone angle of 0=200 and a cladding diameter of 
D=20 J1om, and an apex diameter of d < 10 nm. Figure 3.5a and b show SEM 
micrographs of the probe and the magnified apex region, respectively. The 
etching conditions are summarized in Table 3.4. By substituting T1 =1 J1om, 
RlB=l.l J10m h- 1 , and R2B=6.5 J10m h- 1 into Eq. 3.7, an estimated value of 
r=64 min is obtained. For TB=75 min (> r), the cladding diameter D is 
represented by D = -60TA + 106 [J1om]. The cone angle 0 is controlled by 
varying the volume ratio XB in step B. For the dependence of the cone angle 
o on the volume ratio XB, see Fig. 3.3a. 

Table 3.4. Conditions for fabricating a probe as in Fig. 3.5 

Step 
A 
B 

Volume ratio of BHF 
1.7:1:1 
10:1:1 

Etching time (min) 
86 
75 

Dissolution rates (/-lm hi) 
R 1A=R2A=30 
R1B=1.1, R2B=6.5 

3.3.1.2 Shoulder-Shaped Probe with a Nanometric Flattened 
Apex 

A tapered probe which has a nanometric flat apex with diameter d is required 
for fabricating an aperture-like probe with a flat end. A shoulder-shaped 
probe with a flat apex with diameter d defined by Eq. 3.4 is fabricated by 
selective etching of a fiber for etching time T shorter than r in Eq. 3.5. We 
have developed an etching method to fabricate a shoulder-shaped probe with 
a flat apex of a few tens nanometer [10]. Figure 3.6a gives a schematic expla
nation of the method which involves three steps: (A) reducing the cladding 
thickness; (B) tapering the core; (C) flattening the apex. Here, steps A and B 
are the same as in Fig. 3.4a. 

(8) 

"~'Jooo-XB:1 :1 
(Xg>1.7) 

--H-
d<10nm 

10:1 :120 

'-------(a)----~ 

o 

'-----(b)-~ 

Fig. 3.6. Etching methods for fabricating a shoulder-shaped probe with a a nano
metric flat apex and b a probe with a reduced length of tapered core 
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Fig. 3.7. SEM micrograph of a shoulder-shaped probe with a flattened apex. 
d=20 nm; 8=200 
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(a) (b) 
Fig. 3.8. a SEM micrograph of the tapered core region of a shoulder-shaped probe 
with a reduced lengt.h LTC=2.2 pm of the tapered core. b Dependencies of the cone 
angle 8 (solid cu7've) and LTC (broken curve) on the etching time Tc in step C 
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In step C, the shoulder-shaped probe with d < 10 nm is immersed in 
an extremely low concentration of BHF with Xc:l:Yc=10:1:120. In actual 
conditions, as shown in Table 3.5, a shoulder-shaped probe with a cone angle 
of 8=200 and a flat apex with a diameter of 20 nm was obtained. Figure 3.7 
shows a SEM micrograph of the apex region of the probe. While such meso
scopic flattening is often observed at R2c < RIC (<<1) for a short etching 
time, the etching mechanism behind the flattening is not yet well known. 

Table 3.S. Conditions for fabricating a probe as in Fig. 3.7 

Step 
A 
B 
C 

Volume ratio of BHF 
1.7:1:1 
10:1:1 
10:1:120 

Etching time (min) 
60 
75 
2 

Further, by etching in a BHF with a volume ratio of Xc:1:Yc=10:1:30 
(where R Ic=R2c), one can fabricate a shoulder-shaped probe with a reduced 
length of tapered core as schematically shown in Fig. 3.6b. Here, LTC is the 
length of the tapered core, and () is the cone angle. Figure 3.8a shows a SEM 
micrograph of the fabricated probe at Tc=15 min. Here, the probe has a 
length LTC=2.2 pm, a cone angle of 280 , and d < 20 nm. LTC is about 
0.6 times that of the regularly conical core, with (}=28°. Figure 3.8b shows 
the dependencies of 8 and LTC on the etching time Tc. By metallizing the 
tapered probe with a reduced length of the tapered core, one can fabricate 
a generator-type probe with increased throughput. However, it is sometimes 
difficult to employ such a probe with the reduced aspect ratio [LTC/ D] for 
scanning a sample with a bumpy surface structure because the edge of the 
cladding can scratch the sample surface. 

3.3.1.3 Double-Tapered Probe 

For spectroscopic applications and near-field imaging of a bumpy sample sur
face, a shoulder-shaped probe with a double-tapered core was developed [24]. 
Figure 3.9 shows a cross-sectional profile of a double-tapered probe with the 
apex region protruding from a metallic film. Here, (}I and (}2 « (}t) are the 
cone angles of the first and second taper, respectively. LTC is the length of the 
double-tapered core, Aair is the optical wavelength in air, nl is the refractive 
index of the fiber. dB is the base diameter of the first taper, which is larger 
than the optical wavelength size A in the fiber, and d and df is the apex 
and foot diameters of the protrusion, respectively. Since the light entering 
the tapered core is strongly attenuated by metallic film in the subwavelength 
cross-sectional portion, one has to decrease the cone angle (}I in order to in
crease the throughput of the probe. We now describe a tapering technique for 
fabricating such a double-tapered probe. For the metallizing technique, eval
uating the throughput, and spectroscopic applications employing the probe, 
see Sect. 3.4.1, Chap. 4, and Chap. 9, respectively. 
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Fig. 3.9. Cross sectional profile of a double-tapered probe with the apex region 
protruded from a metallic film. 81, 82 , cone angle of the first and second tapers, 
respectively; d, apex diameter; df , foot diameter; dB, base diameter of the first 
taper; ,x, optical wavelength in the core; L1o •• , length of the lossy part between the 
cross-sectional diameters of ,x and df 

The method for fabricating the probe involves two steps: (A) controlling 
the cladding diameter and forming the first taper; (B) forming the second 
taper. Figure 3.10 shows the method schematically. In step A, by immersing 
the fiber in BHF with XA:l:l (where XA > 1.7), the core is tapered, with 
the cone angle (h represented by 

(3.9) 

In step B, immersing the fiber in BHF with 10:1:1 the core is tapered with 
cone angles of (h and (J2, where 

(3.10) 

The base diameter dB is expressed as 

(t\) (E3) 

• I·.·· •.......•...• ·•• •• !· •• •• ••• • •••• •• [ •••••..•••••••••• • •••• 1. 
XA:1:1 10:1:1 
(XA> 1 . 7) Li.22!J •. ~PJ2J.2J 

Fig. 3.10. Etching method for fabricating a double-tapered probe 
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Fig. 3.11. SEM micrograph of a double-tapered core. 8\=90°; 82 =20°; dB =500 nm 

ds = 2r1(l - TsfT) (Ts < T) (3.11) 

which is controlled by varying the etching time Te. Here, T is defined by 
Eq. 3.7. The cladding diameter D is given by Eq. 3.8. 

In actual conditions as shown in Table 3.6, a probe with a double
tapered core with cone angles of 81 =90° and 82=20°, and a base diameter 
of ds =500 nrn was obtained. Figure 3.11 shows a SEM micrograph of the 
tapered core region of a double-tapered probe. 

Table 3.6. Conditions for fabricating a probe as in Fig. 3.11 

Step 
A 
B 

Volume ratio of BHF 
1.8:1:1 
10:1:1 

Etching time (min) 
70 
40 
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3.3.2 Pencil-Shaped Probe 

For scanning on a bumpy surface, a pencil-shaped probe with a tapered 
cladding and a tapered core should be fabricated rather than a shoulder
shaped probe with a flat cladding end. However, it is impossible to fabricate 
a pencil-shaped probe simply by selective etching of a DCF. In order to 
overcome this difficulty, we have developed the following method. 

(A) .. 
Oil/HF 
acid 

Fig. 3.12. Etching method for fabricating a pencil-shaped probe with an ultra
small cone angle. 81 , 82, cone angles of the core and cladding, respectively 

3.3.2.1 Pencil-Shaped Probe with an Ultra-Small Cone Angle 
A method based on meniscus-etching and selective etching was developed for 
fabricating a pencil-shaped probe with an ultra-small cone angle of 3-20°. 
The method which is shown in Fig. 3.12 schematically consists of two steps: 
(A) tapering the cladding, and (B) tapering the core. In this figure, oil/HF 
acid represents an etching solution of HF acid with a surface layer of organic 
liquid such as silicone oil. 81 and 82 are the cone angles of the core and the 
cladding, respectively, and the radii of the core and cladding of the original 
fiber are r1 and r2, respectively. The dissolution rates ofthe core and cladding 
in step A are defined as R1A and R2A, respectively. 

In step A, the cladding of the Ge02-doped fiber is tapered by immersing 
the fiber in oil/HF, and the time TA of withdrawing 4 the fiber from the 
oil/HF acid is represented by 

4 In a previous meniscus-etching technique developed by Turner [3], the fiber is not 
withdrawn at TA defined by Eq. 3.12 but after the meniscus height has become 
zero. However, if a high-Ge02-doped fiber such as a DCF has been immersed 
for a time longer than TA, the fiber is hollowed due to the large core-dissolution 
rate R 1A»R2 A. Therefore, a DCF cannot be tapered by Turner's technique. 
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(3.12) 

In tapering the cladding, the height of meniscus formed at the interface 
around the fiber is decreased by decreasing the cladding diameter. The oil on 
the surface slows down the evaporation of the HF acid and determines the 
cone angle O2 • If dimethylsilicone oil with a density of 0.935 g cm-3 is used, 
the cone angle O2 is 20°. Since the dissolved silica contaminates the interface 
region of oil/HF acid, one cannot repeat the process using the same etching 
solution. 

In step B, the core is tapered in BHF with a volume ratio of [NH4F 
aqueous solution (40wt.%)]: [HF acid (50wt.%)]: [H20]=XB:l:1. The cone 
angle 01 is represented by 

(3.13) 

and is smaller than the cone angle 0 in Eq. 3.2 for the volume ratio X =XB. 

HF acid 

Fig. 3.13. A level shift method for controlling the cladding diameter of a pencil
shaped probe. TAa., etching time of the substep A-a; TA, total etching time of 
substeps A-a and A-b 

Further, to control the cladding diameter of the pencil-shaped probe, we 
developed a level shift method based on meniscus-etching in oil/HF acid. 
This consists of substeps A-a and A-b as shown in Fig. 3.13, which replace 
step A of Fig. 3.12. Here, r2 is the radius of the cladding. The etching time 
for substeps A-a and A-b are represented by TAa and TAb (= TA - TAa), 
respectively. In this technique, the fiber is only lowered into the oil/HF acid 
for the etching time TAa (0 < TAa < TA)' The cladding diameter D of the 
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Fig. 3.14. SEM micrographs of a pencil-shaped probe with a an ultra-small cone 
angle. b Its magnified apex region: 81=4°; 82 =20° 

pencil-shaped probe is proportional to the etching time TAa and expressed 
as D = 2r2(TAa/TA) - 2R2BTB. 

This method used a DCF fiber with a refractive index difference of 
L1n=2.5% and a core radius of r1 =1 /Jm. Conditions for this application 
were summarized in Table 3.7. A pencil-shaped probe with cone angles of 
81 =3.50 and 82=200 , and an apex diameter d < 30 nm was fabricated. Fig
ure 3.14a and b show SEM micrographs of the probe and the magnified ta
pered core region. The cone angle can be increased by decreasing the volume 
ratio XB as shown in Figure 3.14. 

Table 3.7. Conditions for fabricating the probe in Fig. 3.14 

Step 
A 
B 

Volume ratio of BHF 
Silicone oil/HF acid 
10:1:1 

Etching time (min) 
22 
120 

Dissolution rates (I-'m hi) 
R IA =1950, R2A =170 
RIB=l.l, R2 B=6.5 

3.3.2.2 Pencil-Shaped Probe with a Nanometric Apex Diameter 

The method of fabricating this probe, consists of three steps, shown schemat
ically in Fig. 3.15, in which oil/HF acid represents HF acid with a surface 
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(A) (8) .. .. 
Oil/HF HF acid Xc: 1 :1 
acid (Xc>1.7) -++-

d 

Fig. 3.15. Etching method for fabricating a pencil-shaped probe with a nanometric 
apex diameter. fh, 82 , cone angles of the tapered core and the cladding, respectively; 
4>, convex angle of the hollowed core 

2r2 

Fig. 3.16. Left. Geometrical model of the etching method in Fig. 3.15. Right. 
Magnified figure of the central part of the left-hand figure. R1i, R2i, dissolution 
rates of the core and the cladding in step i 
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layer of organic liquid such as silicone oil. In step A, the cladding of a high
Ge02-doped fiber is tapered by etching at the interface between oil and HF 
acid, as in step A of Fig. 3.12. In step B, the tapered fiber end is hollowed by 
immersing the fiber in HF acid. Here, oil/HF acid can also be used. However, 
the etching has to be done not at the interface but in the HF acid. In the 
third step C, the peaks on either side of the taper end are flattened, and the 
core is then tapered with a cone angle (h given by 

(3.14) 

The total etching time for fabricating a probe with a zero apex diameter 
can be determined based on the geometrical model in Fig. 3.16. In this model, 
we introduce a minimum etching time TBmin which is defined as the time 
required to reach a zero apex diameter. The etching time TA is given by 
Eq. 3.12. TB and Tc are given by 

and 

where 

A 

and 

TB = [8/A(C + 1)]h/R2B] 

:n _ [ cos(01/2) ] (~) 
c - sin(01/2){1- sin(01/2)} R2D 

[sin (02/2) - sin (</J/2)] [ tan (02 /2) ] 
sin (02 /2) sin (</J/2) tan (02 /2) + tan (</J/2) 

[ 
tan (</J/2) + tan((02 - </J)/4) 1 

x tan((1I' _ </J)/4) - tan ((02 - </J)/4) 

(3.15) 

(3.16) 

(3.17) 

8 = [tan (11' - </J)] -1 [{COS(02/2)}-1 - tan(02/2)] (3.18) 
4 tan(01/2){1- sin(01/2)} 

This method requires a high-Ge02-doped fiber, which makes it possible for 
the core to be hollowed, and a large difference between the dissolution rates 
RlB and [R2B/ sin(02/2)]. 

Table 3.S. Conditions for fabricating a probe of Fig. 3.17 

Step 
A 
B 
C 

Volume ratio of BHF 
Silicone oilJHF acid 
HF acid 
10:1:1 

Etching time (min) 
22 
2 
90 

Dissolution rates (/-1m h-1 ) 

R1A=1950, R2A=170 
R1B=1950, R2B=170 
RlC=!.1, R2c=6.5 
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Fig. 3.17. SEM micrographs of a pencil-shaped probe with a a nanometric apex 
diameter. b Its magnified apex region: fh =200 ; d < 10 nm 

Using a dispersion-compensating fiber with a relative index difference of 
2.5%, a pencil-shaped probe with an apex diameter less than 10 nm and cone 
angles of (h =200 and B2=200 was fabricated in the conditions summarized in 
Table 3.8. Figure 3.17a and b show SEM micrographs of the probe obtained 
and the magnified apex region. The cladding diameter of the probe can be 
controlled by means of the level shift method in Fig. 3.13. 

The cone angle Bl is controlled by varying the NH4F volume ratio Xc in 
the region Bl ~20°, as for a shoulder-shaped probe. The dependence of Bl on 
Xc corresponds to that of B on X , which was shown in Fig. 3.3a. 

More advanced methods and multistep index fibers have been developed 
based on the geometrical models described above. They employ hybrid selec
tive etching of multistep index fibers, which are described in Sects. 3.4.2 and 
3.5.2. 
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3.4 Protrusion-Type Probe 

As described in Sect. 3.3, a tapered fiber with a nanometric apex can be 
formed by etching a dispersion-compensating fiber. When such a tapered 
fiber is used as a scatterer-type probe for a c-mode NOM, the principal factor 
governing the resolution ofthe imaging is the apex size of the probe. However, 
the resolution is affected by propagating components and the scattering of 
the low-spatial-frequency components ofthe optical near field. To increase the 
resolution of the NOM, a metallized probe with an apex region protruding 
from metallic film is required. 

In order to improve the resolution of a c-mode NOM, we have proposed 
and fabricated a new type of probe with a conical tip protruding from a 
metallic film [17, 23]. Figure 3.18 shows a cross section ofthe protrusion-type 
probe, where (J, d, dr, and tM represent the cone angle, the apex diame
ter, the foot diameter, and the thickness of the metallic film, respectively. 
This protrusion-type probe selectively scatters frequency components be
tween (l/dr) and (lid). To realize such a probe, a selective resin coating 
(SRC) method and a chemical polishing method were developed for fabri
cating a protrusion-type shoulder-shape probe and a protrusion-type pencil
shaped probe, respectively. 

Fiber (Core) 

Protruding tip 

Fig. 3.18. Cross-sectional profile of a protrusion-type probe. 8, cone angle of the ta
per; d, df, apex and foot diameters of the protruding tip, respectively; tM, thickness 
of the metallic film 
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3.4.1 Selective Resin Coating Method 

Figure 3.19 shows a schematic diagram of the SRC method involving four 
steps: (A) metal coating; (B) selective resin coating; (C) preferential etching 
of metal covering the apex region; (D) removal of resin. Figure 3.20 shows a 
SEM micrograph of t.he apex region of the fabricated protrusion-type probe. 
The probe has a conical protrusion from a gold film and an apex diameter d 
of less than 10 nm and a foot diameter de of less than 30 nm. 

Shoulder . 
-shaped (A) Claddmg 

probe :: .. \ ........ 4co.r~ 

LTC· ......... //.,......- i!: .•. ::: ........... jj !f.1iIfl .............. ~::,: .. ) ... J.:.:.; •• :: 

Metallic ': ... : 
I I film 

o 
Sputtering unit 

Fig. 3.19. Selective resin coating (SRC) method for fabricating a protrusion-type 
shoulder-shaped probe. D, cladding diameter; rl, core radius; 0, LTC, cone angle 
and length of the tapered core, respectively; Vo, speed of withdrawing the fiber 
from the resin solution; LR, length of the tapered core on which the resin is coated; 
df , foot diameter of the protrusion 

Prior to applying the SRC method, a shoulder-shaped probe was fabri
cated with a cladding diameter D=45 pm and a cone angle 0=20°. In step A 
the probe is coated with 120 nm-thick gold by a magnetron sputtering unit. 
In step B, the probe is dipped in an acrylic resin solution and was removed 
with a withdrawal speed of VD=5 cm s-l. The resin solution has a viscosity 
coefficient of 11 cP and a density of 0.85 g cm-3 at 25°C. In step C the 
probe is etched for 2 min in a solution KI-h-H20, mixed with a weight ratio 
of 20:1:400 and diluted 50 times with water. In step D the acrylic film is 
removed by dipping the probe in acetone. 
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Fig. 3.20. SEM micrograph of a protrusion-type probe fabricated by the SRC 
method. 9=20°; d < 10 nm; dt=30 nm 
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(a) (b) 
Fig. 3.21. Dependencies of the foot diameter dt on a the cladding diameter D and 
b the withdrawal speed VD 

The foot diameter can be controlled by varying the viscosity and density 
of the resin solution, the withdrawing speed, the cladding diameter and so 
on. Figure 3.21a and b show the dependencies of the foot diameter de on 
the cladding diameter D and the withdrawal speed Vo, respectively. This 
SRC method can be applied t.o other shoulder-shaped probes such as the 
double-tapered core described in Sect. 3.3.1. 

Coating the resin film can also be realized by another technique based on 
dip-coating of photoresist and near-field photolithography. For details of the 
technique, see Matsumoto and Ohtsu [29]. 
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3.4.2 Chemical Polishing Method 

In order to fabricate a protrusion-type pencil-shaped probe, we developed a 
method consisting of two steps: (A) metal coating by vacuum evaporation and 
(B) removing the metal covering the apex by chemical polishing. Figure 3.22 
shows a schematic diagram of the method. Figure 3.23a and b show SEM 
micrographs of the top region of the fabricated probe and the magnified apex 
region. The dark portion in Fig. 3.23b represents a nanometric protrusion 
from the metallic film. The thickness of the gold film is about 150 nm. The 
foot diameter of the silica tip protruding from the metallic film is less than 
20 nm. We describe below the method for fabricating the probe in Fig. 3.23. 

Firstly, a pencil-shaped fiber with a cone angle (h =20° was fabricated by 
the etching technique shown in Fig. 3.15. Secondly, the fiber was coated with 
chromium and gold films of thicknesses 3 nm and 200 nm, respectively, by 
a vacuum evaporation unit. Here, the pressure was maintained at 10-6 to 
10-7 Torr. We used electron-beam evaporation for gold coating. The fiber 
was tilted with an angle tJi=50° and rotated. Finally, the metallized fiber was 
immersed for 15 min in a KI-I2 aqueous solution mixed at a weight ratio of 
KI:h:H20=20:1:80000 at 25°C (±0.5°C). 

We performed step A with various angles tJi in the region of 55°-900 and 
observed the probe by SEM. In the case of a thin coating of 120 nm and 

Pencil-shaped 
probe Cladding 

~ 
~~ 

Vacuum evaporation unit 

Fig. 3.22. A method for fabricating a protrusion-type pencil-shaped probe. tIt tilt 
angle of the fiber axis for evaporating a metal vapor 
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a tilt angle of w=50o we evaluated a metal thickness of 30 nm covering the 
fiber apex from the SEM micrographs before and after chemical polishing. At 
w=50° we obtained a protrusion-type probe with a foot diameter of 20 nm 
(±15 nm) with reproducibility higher than 75% using 12 fiber samples with 
apex diameters less than 10 nm. 

Fig. 3.23. SEM micrographs of a the top region of the fabricated protrusion-type 
pencil-shaped probe and b its magnified top region. The thickness of the gold film 
is 150 nm. df < 20 nm 
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3.5 Hybrid Selective Etching of a Double-Cladding 
Fiber 

As described in previous sections, by using a dispersion-compensating fiber 
with a high-Ge02-doped core, we succeeded in fabricating some application
oriented probes such as protrusion-type probe with high resolution capability 
and a double-tapered probe with high throughput. Although a high resolu
tion high throughput probe is required for some spectroscopic applications, 
one cannot fabricate a high resolution high throughput probe using DCF. 
Further, even though a pencil-shaped probe can be fabricated by the method 
in Fig. 3.15, it is difficult to increase the production efficiency of this method 
because the etching solution of oil/HF is not re-usable. 

To overcome these difficulties, we recently developed a multistep index 
fiber [26] and fabricated application-oriented probes such as pencil-shaped 
probes and a triple-tapered probe. By advanced methods based on hybrid 
selective etching of the fiber with a double cladding [26], we fabricated the 
application-oriented probes with almost 100% reproducibility and high pro
duction efficiency. In this section, we describe the structure of a triple-tapered 
probe and design/fabrication of the fiber. The multistep index fiber is called a 
double-cladding fiber from now on. We describe another triple-tapered probe 
with a pure silica core in Sect. 3.6.2. 

3.5.1 Triple-Tapered Probe 

Figure 3.24a and b show cross-sectional profiles of two metallized probes with 
the (a) single- and (b) triple-tapered structure. In (a), () is the cone angle and 

Fiber 

(a) (b) 
Fig. 3.24. a Cross-sectional profiles of a probe with a single-tapered structure. 8, 
cone angle of the tapered core; A, optical wavelength; L10 •• , length of the tapered 
core with the foot diameter equal to A; ts, skin depth of the metal, b Cross-sectional 
profiles of a probe with a triple-tapered structure. 81 , 82 , 83 , cone angles of the first, 
second, and third tapers, respectively; dBl, d B2 , base diameters of the first and 
second tapers, respectively; L 1 , length of the first taper 
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A is the optical wavelength in the fiber. In (b), Lloss is defined as the length 
of the portion with a cross-sectional diameter of A to the apex. ts is the skin 
depth of metal, L1 is the length of the first taper, (h, (}2, and (}3 are the cone 
angles of the first, second, and third tapers, respectively, and dB1 and dB2 

are the base diameters of the first and second tapers, respectively. The light 
entering in the single-tapered probe is strongly attenuated by the coating 
metal from the portion with diameter A to the apex. To reduce the attenua
tion, one has to decrease the length Lloss . In using a high-throughput probe 
with an enlarged cone angle, one must accept the limited resolution affected 
by optical leaking out of the metal around the apex region of the probe. In 
the triple-tapered probe, we can decrease the length Lloss by increasing (}2 in 
order to increase the throughput. Thus, the resolution capability is. increased 
by simultaneously decreasing the cone angle and decreasing the first taper 
length L1 to a few hundreds nanometers, which corresponds to several times 
the skin depth ts. 

3.5.2 Geometrical Model of Selective Etching of a 
Double-Cladding Fiber 

Figure 3.25a shows the cross-sectional profile of the relative refractive index 
difference .1n of the proposed fiber. Here, the fiber is composed of three 
sections: (1) a Ge02-doped silica core, (2) a pure silica cladding, and (3) 
a fluorine-doped silica support. The values of .1n of sections 1 and 3 with 

(c) 

(b) 

Fig. 3.25. a Cross-sectional profile of the relative refractive index difference, .dn. 
rl, radius of the Ge02-doped silica core; r2, radius of the pure silica cladding; 
ra, radius of a fluorine-doped silica support. b Etching method for fabricating 
application-oriented probes. c Cross sectional profile of the relative dissolution rate 
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respect to section 2 are 1.2% and -0.7%, respectively. The radii of sections 1-
3 are rl =0.65 I'm, r2=13.5 I'm, and r3=62.5 I'm, respectively. Figure 3.25b 
shows a schematic diagram of the etching process. The process consists of 
three steps A-C. By denoting the dissolution rate of section i in step j as 
R;j (where i=l, 2, 3; j=A, B, C), the cross-sectional profile of the relative 
dissolution rates Rij/ R3j can be seen (Fig. 3.25c). As described in Sect. 3.2.3, 
the relative dissolution rate of Ge02-doped glass to pure silica glass depends 
on the concentration of buffered hydrogen fluoride solution (BHF) mixed 
with a volume ratio of NH4F solution (40wt.%): HF acid (50wt.%): H20 
being X:1:Y. We can, for example, use 1.7:1:1, 10:1:1, and 1.7:1:5, in which 
the dissolution rates of sections 1 and 2 are experimentally found to satisfy 
the relation 

RlB = 0.29 < RlA = 1.0 < RlC = 1.48 
R2B R2A R2C 

(3.20) 

On the other hand, the relative dissolution rates of fluorine-doped silica glass 
to pure silica glass are independent of the concentration of BHF as described 
in Sect. 3.2.2. Therefore, the dissolution rates of section 3 relative to pure 
silica take a constant value of 

(j = A, B, C) (3.21) 

Based on the geometrical model described in Sect. 3.3.2, we now discuss the 
etching process using 1.7:1:1, 10:1:1, and 1.7:1:5 in steps A-C, respectively. 

In step A, the fiber is tapered to an angle of OA given by 

(where j = A, B, C) (3.22) 

Assuming the fiber diameter to be equal to [2r2] after step A, the etching 
time TA is given by 

(3.23) 

The tapered fiber will have an apex diameter smaller than 2rl if TA?TA' 

where TA is the time required to make an apex diameter of 2rl and is 

r2 - rl R2A + R3A 
TA= ---

R3A R3A - R2A 
(3.24) 

Thus, it is straightforward to find that the radius r2 of section 2 must be 
smaller than the critical radius r2P expressed as 

where e = 
R2A/R3A + 1 
1- R2A/R3A 

(3.25) 

In step B, section 1 is sharpened with a different angle OB, given by 

sin(OB/2) = RlB/ R3B (3.26) 
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We obtain pencil-shaped probes with zero apex diameter and cone angles () A 

and (}B when the etching time TB is larger than 1"8, expressed as 

(3.27) 

Further, to obtain a triple-tapered probe, we perform step C, when the largest 
cone angle (}C2 is given by 

sin((}c2/2) = RlCl R3C (where Rlc > R2C) (3.28) 

The cone angle (}Cl is increased from (}B by increasing the etching time Tc , 
and is equal to (}C2 at Tc > TC, where TC is given by 

(3.29) 

Therefore, we can obtain a triple-tapered probe and a pencil-shaped probe 
with a cone angle (}B = (}C2 at 0 < Tc < TC and Tc > TC, respectively. 

To decrease the cone angles () A and (}B given by Eqs. 3.22 and 3.26, we 
have to increase l..dnl of sections 3 and 1 (or the doping ratios of fluorine 
and Ge02), respectively. To obtain a cone angle () A as small as 620 , the 
value of l..dnl in section 3 is estimated from Eqs. 3.22 and 3.26 to be as 
high as 0.7%. To obtain a cutoff wavelength of around 400 nm, section 1 is 
tailored with a relative refractive index difference of 1.2% and a core radius 
of rl =0.65 Jlm. Then we obtain an estimated value of () A =170 from Eqs. 3.20 
and 3.26. Further, when the outer radius r3 is a standard value of 62.5 Jlm, we 
obtain a critical radius of r2P=23 Jlm from Eqs. 3.21 and 3.25. We make the 
radius r2 have a value of 13.5 Jlm, which is smaller than the critical radius. 

To realize the designed fiber in Fig. 3.25a, we produced a preform glass rod 
by vapor-phase axial deposition [28J and drew the fiber using the preform. To 
suppress the diffusion of Ge02 and fluorine, the drawing tension should be as 
high as possible. However, in the case of drawing the fiber with a high tension 
of 60 g, we could not reproducibly cleave the fiber to obtain a flat facet with 
a commercial fiber cleaver. We consider that the low reproducibility can be 
attributed to the remaining stress between sections 2 and 3. To suppress this 
remained stress, we kept a low tension of less than 30 g during the drawing. 

3.5.3 Application-Oriented Probes: Pencil-Shaped Probe and 
Triple-Tapered Probe 

To demonstrate the tailoring capability of the different types of probes, we 
actually performed the etching process using the fabricated fiber. We pre
pared 30 samples with flat ends. The fibers were etched consecutively for 
TA =40 min in a 1.7:1:1 solution and for TB=20 min in a 10:1:1 solution. We 
obtained a pencil-shaped probe with a small cone angle for high resolution. 
Figure 3.26a-c show SEM micrographs of the probe, the magnified tapered 
core, and the magnified apex region, respectively. The cone angles are () A =62 0 
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Fig. 3.26. a-c SEM micrographs of a pencil-shaped probe with high resolution ca
pability, its magnified tapered core, and its magnified apex region. 8 A :::62° j 8B = 17° j 
d < 10 nmj d SEM micrograph of a triple-tapered probe with high resolution ca
pability and high throughput. 8A:::62°j 8Cl:::500j 8C2:::85°. e SEM micrograph of a 
high throughput pencil-shaped probe. 8A:::62°j 88:::85° 

and 88=11°. These agree with the estimated values from Eqs. 3.22 and 3.26. 
The apex diameter is less than 10 nm. For the 30 samples, the values of 8 A 

and 88 coincided with those of Fig. 3.26a and c within measurement errors 
of (±0.5°) and (±1°), respectively. This reveals that this kind of probe can 
be fabricated with almost 100% reproducibility. 

Further, by etching the pencil-shaped probe in a 1.7:1:5 solution for 
Tc=2 min, we obtained a triple-tapered probe with high resolution capa
bility and high throughput. Figure 3.26d shows a SEM micrograph of the 
triple-tapered probe. The probe has three cone angles of BCl =50°, BC2=85°, 
and BA =62° and an apex diameter of less than 10 nm. The two base diame-
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Fig. 3.27. a Dependencies of the taper angle 88 on the volume ratio X8 of NH4F 
aqueous solution in the etching solution. b Dependency of the taper angle 8C2 on 
the volume ratio of H20 in the etching solution 

ters of tapers with Ocl =50° and OC2=85° are dB1 =250 nm and dB2=1.28 J,lm, 
respectively. 

At Tc=2.75 min, we obtained another type of pencil-shaped probe with 
a large obtuse angle near the apex region. This is suitable for fabricating 
a metallized probe with high throughput. The result obtained is shown in 
Fig. 3.26e, in which OA=62° (±0.5°) and 0B=85° (±1°). The same probe can 
also be obtained by etching a fiber with a flat end for TA=40 min in a 1.7:1:1 
solution and in a 1.7:1:5 solution for TB=2.75 min. 

Figure 3.27a and b show the dependencies of OB and OC2, respectively, on 
the concentrations of BHF. Here, 1.7:1:1, XB:1:1, and 1.7:1:Yc are used in 
steps A-C. The cone angles OB and OC2 are controlled by varying XB and 
Yc, respectively. However, at around X=1.7 (where RlB/R2BRjl), the apex 
diameter increased up to several tens of nanometers. We consider that the 
increase can be attributed to the geometrical eccentricity between sections 1 
and 2. Actually, the fabricated fiber has an eccentric radius of about 200 nm. 

To produce the probe having 0B=62° and apex diameter less than 10 nm, 
we apply steps Band C in Fig. 3.15 to this fiber. We obtained a probe having 
OB=62° apex diameter less than 10 nm with almost 100% reproducibility by 
the technique consisting of hollowing in 1.2:1:1 and sharpening in 3:1:1. The 
cone angle OB is given by 

sin(OB/2) = RlB / R2B (3.30) 

and is independent of the geometric structure of section 3. So, the apex 
diameter is not affected by the eccentric radius of the fiber. 
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3.6 Probe for Ultraviolet NOM Applications 

Using Ge02-doped fibers such as DCF and a double-cladding fiber, we fab
ricated application-oriented probes and carried out NOM applications such 
as imaging a biological sample, and a spectroscopic study of semiconductor 
devices in visible and infrared regions. However, UV-emitting devices and 
materials have been little studied by these probes because the Ge02-doped 
fiber has optical absorption and luminescence at around 363 nm and 394 nm, 
respectively. 

To overcome this difficulty and to realize highly spatially resolved imaging 
at near-UV region, we succeeded in fabricating a UV single-tapered probe [16] 
and a UV triple-tapered probe [25] which have a pure silica core and a dou
ble core, respectively. Fabrication methods of these probes are describes in 
Sects. 3.6.1 and 3.6.2, respectively. Employing these probes, UV near-field 
spectroscopy was performed (see Chap. 9.). 

3.6.1 UV Single-Tapered Probe 

Among the fibers described in Table 3.3, only 1.3 pm-PSF with a pure silica 
core can be used at near-UV light. We developed a tapering method based on 
pulling/etching of a 1.3 pm-PSF. The method involves two steps: (A) heating 
and pulling the fiber by a micropipette puller [12-14]; (B) etching the fiber 
in buffered hydrogen fluoride solution as shown schematically in Fig. 3.28a. 
Figure 3.28b shows the magnified top region of the tapered shape formed by 
step B. Here, () and 2rlE are the cone angle in the apex region of the fiber and 
the reduced core diameter at the end of the tapered core, respectively. Fig
ure 3.28c shows the cross-sectional profile obtained by increasing the etching 
time in step B. Details of this profile are discussed later. Figure 3.29a-c show 
SEM micrographs of the tapered fiber, the magnified top region, and the apex 
region, respectively. The cone angle and the apex diameter are (1=65° and 
less than 10 nm, respectively. By investigating 20 fiber samples, we obtained 
80% reproducibility for an cone angle ()=60° (±5°) and an apex diameter less 
than 10 nm. We now describe the method for producing this pure silica core 
fiber. 

Table 3.9. Parameters of the puller for a pure silica core fiber 

Loop 
1 
2 

Heat 1£ 
300 
400 

Filament :F 
o 
o 

Velocity V 
20 
20 

Delay 1) 

124 
140 

Pull P 
o 
125 

In step A, a 125-pm-diameter PSF was heated and pulled by a mi
cropipette puller (Sutter Instrument, P-2000) combined with a CO2 laser. 
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----(b)---- '------(c)----' 

Fig. 3.28. a A method for fabricating a tapered fiber with the pure silica core. b 
Cross-sectional profile of the top of the fiber formed by step A in a. rIE, reduced 
core diameter at the end of the tapered core; 88 I, 882, cone angles of the core and 
cladding, respectively. c Cross-sectional profile obtained by increasing the etching 
time in step B 

During the heating and pulling, the puller is adjusted so that its parame
ters 5 are as shown in Table 3.9. Here, the heat parameter 1l (0$1l$999) 
decides the CO2 laser power. The filament parameter :F is the length of the 
fiber which is scanned with the C02 laser beam. The velocity parameter V 
(1$V$255) shows the velocity of the puller bar at the end of the heating 
time. The delay parameter V (O:::;V:::;255) represents the delay time between 
the end of the heating and the beginning of the pulling (in millisecond units). 
The puller is mechanically adjusted to make the delay zero at V=125. The 
pull parameter P decides the strength of pull and is controlled in a region of 
0$P$255. The process has two cycled loops. 

In step B, the fiber was etched by immersing it for 30 min in a buffered 
hydrogen fluoride solution (BHF) with a volume ratio of [40wt.%-NH4F aque
ous solution]: [50wt.%-HF acid]: [deionized water]= 10:1:1. The temperature 
of the BHF was 25°C (±0.1°C). The fluorine-doped cladding and the pure 

5 Sutter has mechanically adjusted commercial pullers (P-2000) to fabricate a 
micropipette with a diameter of 1 mm and prepares an optional puller bars on 
which a 125 I-Im bare fiber can be attached. In our case, to fabricate a probe with 
a bare-portion length as small as 1cm, all fiber samples were carefully attached to 
a plastic coated portion on one bar and a bare portion on another. However, we 
could not realize a reproducibility of step A of more than 80%. This is attributed 
to mechanical misalignment. If step A is repeated using the same puller and the 
same fiber, among the parameters shown in Table 3.9, some, such as 1l and V, 
have to be changed in order to fabricate a pulled fiber as seen in Fig. 3.28a. 
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Fig. 3.29. SEM micrographs of a the tapered probe, b the magnified top region, 
and c magnified apex region. 8=65 0 j d < 10 nm 

silica core have dissolution rates of RI=6.6 Jtm h- I and R2=7.6 jim h- I , 

respectively. 
Next, by comparing Figs. 3.28b and 3.28c, we discuss the size of the 

reduced core at the taper end. In step B, etching is performed until the core 
is exposed from the cladding of fluoride-doped glass. Then, the COne angle () 
is increased by increasing the etching time T. In our experiments, the cone 
angle were 35° and 65° for etching times of 15 and 30 min, respectively. On 
the other hand, once the core is exposed from fluorine-doped silica, the core 
is selectively etched due to the difference of the dissolution rate RI of the 
core and the dissolution rate R2 of the cladding (> Rd. The fiber then has 
two cone angles of (}Bl and (}B2, as shown in Fig. 3.28c, where dB is the base 
diameter of the conical core, 6 with the angle (}BI given by 

(3.31) 

When the conical core is formed, the value of dB is equal to the reduced core 
diameter 2rlE of the fiber, as shown in Fig. 3.28b. For the tapered probe 
in Fig. 3.28a, we evaluated a reduced core diameter of 1 jim from a SEM 
image of selectively etched fibers which were immersed in BHF of 10:1:1 for 
times longer than 50 min. It is straightforward to obtain a minimum ratio of 
rlE/rl =10. To increase the confined optical power density at the core end, 
the diameter rlE should be reduced to the wavelength size .x in the fiber. To 
fabricate a probe with a small core diameter of less than UV wavelength size 
(200 nm) in the fiber, one can use a new fiber with a core diameter smaller 
than 2 jim. 

6 In the actual case of using a PSF, the cross section of the apex region was 
elliptical, with a longer principal diameter of around 200 nm. Therefore, we 
could not employ the selectively etched PSF as a probe. 
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3.6.2 UV Triple-Tapered Probe 

To fabricate a UV triple-tapered probe, we developed a multistep index fiber 
with the double core involving a subwavelength core and a pure silica core. 
In the following text, this fiber is called a double core fiber. 

ArJ(%) 

0.7 

O~--------~~~~++~~~-r----------
-0.35 

-0.94 

42IJm 

Fig. 3.30. Cross-sectional profile of the relative refractive index difference Lln of a 
multistep index fiber produced to fabricate the probe 

3.6.2.1 Advanced Method Based on Hybrid Selective Etching of a 
Double Core Fiber 

Figure 3.30 shows the cross-sectional profile of the relative refractive index 
difference Lln of a developed double-core fiber. The diameters of sections 1-5 
are 100 nm, 2.9pm, 40 pm, 42 pm, and 125pm, respectively. The core consists 
of sections 1 and 2 made of Ge02-doped silica and pure silica, respectively. 
The value of Lln of section 1 is 0.7%. Since the diameter of section 1 is only 
0.1 pm, 99.9% cross-sectional area of the core is occupied by the pure silica 
of section 2. The cladding is made of fluorine-doped silica. Sections 3 and 
5 are made of low-fluorine-doped silica with an index difference of -0.35%. 
Section 4 is made of the high fluorine-doped silica with an index difference 
of -0.94%. We fabricated a preform glass rod with a diameter of 25.5 mm 
by a combination of vapor-phase axial deposition [28] and plasma-activated 
chemical vapor deposition, and then drew the 125-pm-diameter fiber at a 
speed of 150 m min-1 by heating the preform to a temperature of 2106°C 
while maintaining the drawing tension of the fiber as high as 75 g. 

Figure 3.31 shows a schematic explanation of the etching process for the 
fabrication of a triple-tapered fiber. Here, we denote a buffered hydrogen 
fluoride solution (BHF) with a volume ratio of NH4F solution (40wt.%): HF 
acid (50wt.%): H20 as X:1:1. The values of X in the three steps are defined 
as XA < 1.7, XB = 1.7, and Xc > 1.7. The process involves three steps: (A) 
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Fig. 3.31. Etching process to fabricate a triple-tapered probe 

Fig. 3.32. SEM micrographs of a a triple-tapered probe and b its magnified apex 
region. 81=60°; 82=120°; 83=60°; d < 10 nm 
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hollowing of sections 1 and 4 in X A: 1 : 1; (B) tapering of sections 2 and 3 in 
XB:l:l; (C) sharpening of section 1 in Xc:1:1. The etching time in step A 
and X A strongly affect both the total etching time and the diameter of the 
fabricated triple-tapered fiber. In step C, the cone angle (h is controlled by 
varying Xc. 

To obtain a triple-tapered probe with a cladding diameter of about 35 J.lm, 
the fiber in Fig. 3.30 was consecutively etched by XA=0.6, XB=1.7, and 
Xc=10 for 40 min, 20 min, and 10 min, respectively. All steps were performed 
at 25°C. Figure 3.32a and b show scanning electron micrographs ofthe triple
tapered probe and the apex region, respectively. The probe has an apex 
diameter of less than 10 nm (Fig. 3.32b). The values of the base diameters 
of dBl and dB2 are 100 nm and 2 J.lm, respectively. The first cone angle (h, 
the second cone angle O2 , and the third cone angle 03 are 60° (±1°), 120° 
(±1°), and 60° (±1°), respectively. After completing the etching process, 
we coated the tri~le-tapered probe with a 200-nm-thick aluminum film by 
vacuum evaporation. 

3.6.2.2 Geometrical Model 

We discuss the dissolution rates of a double-core fiber to tailor a triple-tapered 
probe. From now on, the dissolution rates of sections 1-5 in step i (where 
i=A, B, C) is defined as Rli, R2i, R3i, R4i, and R5i (= R3i)' respectively. 
The dissolution rate of the fluorine-doped silica is a smaller than that of pure 
silica, and decreases with increasing doping ratio. Therefore, the dissolution 
rates satisfy the relation R3d R2i = R5d R2i < R4il R2i. On the other hand, 
the ratio of Ge02-doped silica to pure silica decreases with increasing values 
X of BHF, and converges to a constant value at X=10-30. At X=1.7, the 
ratio is equal to unity. Thus, for XA < 1.7, XB = 1.7, and Xc > 1.7, the 
dissolution rates satisfy the relations RIA> R2A < R3A = R5A < R4A, 
RlB = R2B < R3B = R5B < R4B, and RiC < R2c < R3C = R5C < R4c, 
respectively. Based on our geometrical model as described in Sect. 3.3.2, the 
cone angles of Ol, O2 , and 03 can be expressed as 

sin(Ot/2) = Rlci R3C 

(i = A, B, C) 

and 
sin(03/2) = R3d R4i (i = A, B, C) 

(3.32) 

(3.33) 

(3.34) 

respectively. For the fiber in Fig. 3.30, the right-hand side of Eq. 3.32 is 0.5 
at X =10, which decreases with increasing index differences. The right-hand 
sides of Eqs. 3.33 and 3.34 take constant values of 0.87 and 0.50 in all steps 
using different concentrations of BHF. To obtain a probe with the sharp 
angle of OI =20°, we fabricated a preform in which sections 1 and 2 had a 
value of Lln as large as 2.0%. However, the value of .::1n of the drawn fiber 
was smaller, i.e., 0.7%. This decrease in .::1n can be attributed to diffusion of 
Ge02 occurred at the drawing of the fiber. 
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Chapter 4 

High-Throughput Probes 

4.1 Introduction 

In general, a serious problem of the fiber probe is its low throughput (in the 
case of illumination-mode operation, the throughput is defined as the ratio 
of the output light power at the apex of the fiber probe to the light power 
coupled into the other end of the probe). The essential cause of the low 
throughput is the guiding loss along (or inside) the metallized tapered core. 
In order to study this loss mechanism and to realize high-throughput probes, 
we focus our discussion on the characteristics of the tapered core. Since the 
nanometric protruded part at the top of the fiber probe does not contribute 
to this loss, this chapter treats only the fiber probe without a protruded part, 
i.e., a flat-apertured probe. Its cross-sectional profile is shown in Fig. 4.1a, 
for which the foot diameter dr of the protruded probe in Fig. 4.1b can be 
called the aperture diameter. 

Aperture diameter df 

-.: :.-
I I 
I I 

Foot diameter df 
-..: :.--

I 
I 

Fig. 4.1. Schematic comparison between a an apertured probe and b a protruded 
probe 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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As an example, Fig. 4.2 shows the measured relation between the aperture 
diameter de and the throughput of the probe in Fig. 4.1a. To measure the 
throughput, a diode laser light (830 nm wavelength) of 2 m W power is coupled 
into the fiber with a coupling efficiency of 2.5%. The output power is measured 
with a photodiode of 1 cmx 1 cm active area which is located 1 mm away 
from the probe (see inset in Fig. 4.2). This figure shows that the throughput 
decreases rapidly with a decrease in the size of the probe [1, 2]. 
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Fig. 4.2. Measured relation between the aperture diameter df and the through
put of a probe with a flat aperture at the top (see Fig. 4.1a). The inset shows 
schematically the method of measurement 

In order to increase the throughput, i.e., to generate a strong optical near 
field under i-mode operation, and to realize high collection efficiency in c
mode operation, Sect. 4.2 describes a possible excitation of the plasmon mode 
in the metallized tapered core. We also demonstrate highly efficient excitation 
of the optical near field on a probe. In Sect. 4.3, we demonstrate double
and triple-tapered probes fabricated in order to increase the throughput by 
shortening the tapered core. 
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4.2 Excitation of the HE-Plasmon Mode 

4.2.1 Mode Analysis 

Mode analysis has been carried out by approximating a tapered core as a 
cylindrical core with a metal cladding. The result shows that this core can 
guide the light even if its diameter is smaller than half the wavelength [3]. Fig
ure 4.3 shows the equivalent refractive indices of relevant modes (at 830 nm 
wavelength) derived by mode analysis for an infinitely thick gold coated core. 
Refractive indices of the glass and gold used for this derivation take real and 
complex values, which are 1.53 and 0.17+1.5.2, respectively. Definitions of the 
HEll and EHll modes in this figure are based on those in Ref. [3]. 
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Fig. 4.3. Equivalent refractive indices of the relevant modes guided through a glass 
core with a gold metallic film 

This figure shows that the cutoff core diameter of the HEll mode is as 
small as 30 nm, while that of the EHll mode is 450 nm. This means that 
only the HEll mode can excite the optical near field efficiently when the apex 
size of the probe is below 100 nm. This figure also shows that the equivalent 
refractive index of the HEll mode approaches that of a surface plasmon, and 
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is between those of glass and gold. This means that the origin of the HEll 
mode in a metallized core is the surface plasmon. Thus, we call the HEll 
mode the HE-plasmon mode from now on. However, the HE-plasmon mode 
is not easily excited in the conventional core because its coupling efficiency 
with the lowest order optical fiber guided mode is very low due to mode 
mismatching between the HEll and HE-plasmon modes at the foot of the 
tapered core. 

4.2.2 Edged Probes for Exciting the HE-Plasmon Mode 

An effective way of exciting the HE-plasmon mode is to utilize the coupling of 
the plasmon by scattering at the edge ofthe metal [4]. If the tapered core has 
a sharp edge at its foot, part of the guided light inside the single-mode fiber 
can be scattered at this edge and converted to the HE-plasmon mode [5]. We 
call the probe with such a core an edged probe. 

(b) 

3 .5 J..I.m 

(a) 

Removed 

(c) 

Metal 
cladding 

Fig. 4.4. Scanning electron micrographs of an edged probe with a flat aperture at 
the top. a Top view. b Side view. The arrow R in a indicates the direction parallel 
to the surface from which part of the core was removed. The x and y axes are the 
directions normal and parallel to the arrow R, respectively 
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Figure 4.4 shows scanning electron micrographs of a fabricated edged 
probe with a flat aperture at the top (the aperture diameter dr is 500 nm). 
The arrow R in Fig. 4.4a indicates the direction parallel to the surface from 
which a part of the core was removed. The x and y axes are the directions 
normal and parallel to the arrow R, respectively. The white lines in Fig. 4.4c 
represents the profile of the tapered core buried in a gold metallic film. A part 
of the foot of the core was removed to form a sharp edge, where the height 
of the part removed was 1.5 pm. This probe was fabricated in the following 
steps. 

1. A Ge02-doped fiber core was tapered by selective chemical etching [6] to 
realize a cone angle of 200 • 

2. The foot of the tapered core was removed by using a focused ion beam 
(FIB) to form a sharp edge. 

3. The core was coated with a 500-nm-thick gold film. 
4. The gold film was removed from the top of the core by using a FIB in 

order to form a planar aperture. 

Probes with an aperture diameter, dr, as small as 30 nm have been re
alized by these methods. Figure 4.5 shows the throughput of these probes, 
which were measured by the same method as in Fig. 4.2. Comparison with 
Fig. 4.2 confirms the realization of a high throughput by the edged probe. 
The spatial distribution of the output light power was also measured by using 
the experimental set-up in Fig. 4.6. A linearly polarized light from a diode 
laser of 830 nm wavelength was coupled into a single-mode fiber probe. To 
examine the polarization dependency of the distribution, the direction of the 
incident light polarization was varied by a half-wave plate. The light power 
on the edged probe (probe A in this figure) was measured by scanning with 
another fiber probe (probe B in this figure, which is a conventional axially 
symmetric fiber probe). Separation between the two probes was regulated to 
several nanometers by using a shear-force technique (see Chap. 6 for details). 

We compared the output light power of the edged and conventional fiber 
probes. A protruded fiber probe [7] with an apex diameter and foot diameter 
of 10 nm and 60 nm, respectively, was used as probe B. Figure 4.7a and 
b show the calculated spatial distributions of the EHll and HE-plasmon 
mode powers, respectively, for an edged probe with dr=500 nm. The vectors 
E in these figures represent the direction of the incident light polarization. 
Figure 4.7c and d show the measured results, for which the directions of 
the incident light polarization are orthogonal to each other. Agreements of 
Fig. 4.7a and b with Fig. 4.7c and d, respectively, can be clearly seen. As a 
reference, the spatial distribution for an axially symmetric fiber probe with 
dr=500 nm (fabricated without step 2) was also measured. It had a double
peaked profile, corresponding to the EHll mode, and the positions of the 
peaks moved when the direction of the incident light polarization was varied. 
These results indicate that the edge at the foot ofthe tapered core successfully 
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Fig. 4.5. Measured relation between the aperture diameter df and the throughput 
of an edged probe 

Lens LD (A=830nm) 
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: ..... --Output light 
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Fig. 4.6. Experimental set-up to measure the spatial distribution of the output 
light power on probe A. Probe B is used for scattering and detection 
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excites the HE-plasmon mode, and the excitation efficiency depends on the 
direction of the incident light polarization. 

In order to check whether the output light power on the aperture has 
been enhanced due to the edged structure, its spatial distribution on the 
probes with and without the edge were compared for dr=100 nm. Note that 
the EHll mode is not guided inside the probe with dr=100 nm becau~e it is 
smaller than its cutoff diameter (450 nm). A probe with a sharpened core with 
a 30-nm-thick gold coating was used as the probe B in order to increasing 
the scattering efficiency for sensitive detection [8]. Figure 4.8 shows the cross
sectional profiles of the measured distributions. Curves A and B are for edged 
probes, with the directions of the incident light polarization being orthogonal 
to each other. Curve C is for a probe without an edge. One can see that values 
of curve A is ten times larger than that of curve C. The full width at the 
half-maximum of curve A is 150 nm, which is comparable to that of the HE
plasmon mode (=120 nm) for dr=100 nm estimated by the mode analysis. 
These results indicate the effective excitation of the HE-plasmon mode by 
the edge at the foot of the tapered core. 

4.3 Multiple-Tapered Probes 

Although the technique described in the previous section can be applied to 
probes with dr>30 nm, it should be noted that a further increase in through
put requires some tailoring of the probe structure. This is because the guiding 
loss in the metallized tapered core is still high even if the HE-plasmon mode 
is excited. Since the guiding loss in the core is due to the loss in the metal 
cladding, the easiest way to decrease the loss is to shorten the length of the 
tapered core. 

4.3.1 Double-Tapered Probe 

In order to shorten the enormous absorption region, chemical etching is a 
powerful technique because it allows reliable design and fabrication of an 
optimum structure for the tapered core. First in this subsection we demon
strate the strong dependence of the throughput on the cone angle (J and 
hence on the resultant length l of a tapered core. For probes with different 
cone angles, throughput is evaluated for a wide range of aperture diameters 
(80 nm$dr$900 nm). On the basis of these results, we optimize the shape of 
the probe, taking into account the experimental utilities [9]; for example, by 
increasing the length of the tapered core, we Can avoid contact between the 
cladding and the bumpy surface structure of a sample. 

We briefly describe the fabrication technique of the probe by a selective 
etching process, whose details have been described in Chap. 3. The cone angle 
(J can be controlled by the buffering conditions of the etching solution, which 
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750nm 
(a) 

750 nm 
(c) 

750 nm 
(b) 

750 nm 
(d) 

Fig. 4.7. Spatial distribution of the output light power on the top of an edged probe 
with df=500 nm. a Calculated result of the EHII mode. b Calculated result of the 
HE-plasmon mode. The vector E in these figures represents the direction of polar
ization of the incident light. c, d Measured results. The direction of polarization of 
the incident light for these figures are orthogonal to each other 
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Fig. 4.8. Measured cross-sectional profiles of the output light power. Curves A and 
B are for the edged probe, where the directions of polarization of the incident light 
are orthogonal to each other. Curve C is for the probe without an edge 

is adjusted by the volume ratio X of NH4 F, maintaining that of HF to H20 
at 1:1. Here, the composition of the solution is expressed as X:1:1. In order to 
evaluate the dependency of throughput on the cone angle, two types of probe 
are prepared using a one-step etching technique with a solution of X =10 
(probe A) and X=2.7 (probe B). The cone angle B and the length I of the 
tapered core of probe A are 20 0 and 6 pm, respectively, and those of probe 
Bare 500 and 2.5 Jtm, respectively. 

Using a sputter-coating method, the exterior surface of the etched core 
is coated with a gold film of 200 nm thickness, which is seven times the 
skin depth at 633 nm wavelength. For the fabrication of a small aperture, 
the selective resin coating (SRC) method is employed (see Chap. 3). Acrylic 
resin dissolved in an organic solution is coated as a guard layer over the sides 
of the metallized tapered core, leaving the top of the core free of the resin. 
Here, the surface tension of the resin is used. On removing the gold film 
from the top of the core with the commonly used KI-h etching solution, a 
small protruding-type aperture (with the foot or aperture diameter dr, c.f. 
Fig. 4.1) is fabricated. The aperture diameter de can be varied by controlling 
the etching time in the KI-h etching solution and the coating condition, 
which can be adjusted by changing the cladding diameter and the viscosity 
of the resin solution. 
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To estimate the throughput, the light from a He-Ne laser (633 nm wave
length) of 130 f1W power is coupled into the fiber probe with a coupling 
efficiency of 60%. The far-field light ejected from the aperture is collected 
with a 0.4 numerical aperture (NA) objective lens (see inset in Fig. 4.9). The 
output light power is measured with an optical power meter. The geometrical 
size of the aperture is estimated with a scanning electron microscope after 
the throughput measurement. 
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Fig. 4.0. Measured relations between the aperture diameter df and the throughput 
for probe A with a single tapered core with cone angle 20° (open circles), probe 
B with a single tapered core with cone angle 50° (open triangles), and a double
tapered probe (closed circles) 

Figure 4.9 shows the measured value of the throughput as a function of 
the aperture diameter dr for probes A (open circles) and B (open triangles) 
of different cone angles. When the diameter dr is larger than the wavelength 
of He-Ne laser light. in glass, Ac (~400 nm), t.he throughput of probes A and 
B t.ake almost the same values when the aperture diameters are the same. 
This result means that the efficiency of delivering light into the region dr>Ac 

is not so strongly dependent on the cone angle B and the length I of the 
tapered core, which is 5 {tm long at most. On the other hand, in the region 
dr<Ac , the difference between the two types of probes is remarkable due 
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to the influence of the metal coating. When dr=200 nm, the throughput of 
probe A is lowered by ten times to that of probe B. Although the throughput 
is dependent on the spatial mode characteristics in the tapered core, the 
difference in guiding lengths between probes A and B can also contribute 
considerably to the throughput. The guiding lengths between core diameters 
of 400 nm (=..xc) and 200 nm (=dr) are 570 nm for probe A and 210 nm 
for probe B (see Fig. 4.10a and b). It is theoretically estimated that, in the 
case of the EHu mode, the absorption of light by the metallic film coating 
drastically influences the region where the core diameter is smaller than ..xc. 
In such a strong loss region, a difference in the guiding length of as much 
as 360 nm results in a decline of the throughput by one order of magnitude. 
We can conclude that, in order to increase the throughput, it is reasonable 
to shorten the strong loss region in the tapered core by increasing the cone 
angle. 

(a) 

Metallic 
film 

(b) 

Metallic 
film 

(c) 

Metallic 
film 

Fig. 4.10. Schematic diagrams of the cross-sectional profiles of probe A, with a 
single tapered core with cone angle of 20°, probe B, with a single tapered core with 
cone angle of 50°, and a double-tapered probe. Meshed area represents the loss 
region 

However, a short tapered core with a large cone angle leads to contact 
between its cladding and the bumpy surface of the sample during the actual 
scanning operation. To avoid this inconvenience, it is necessary to lengthen 
the tapered core while maintaining a high throughput. For this purpose, we 
have successfully developed a two-step etching process for the fabrication of 
a double-tapered probe (Fig. 4.10c) with high reproducibility as detailed in 
Sect. 3.3.1. In the first step, using a solution with a composition of X=1.8, 
a short tapered core with a large cone angle of 1500 is fabricated. Second, a 
long tapered region, which delivers light to the cutoff diameter, is obtained 
with a solution having X =10. As shown in scanning electron micrograph in 
Fig. 4.11, the resultant cone angle is about 900 • The fabrication technique 
for the aperture is the same as that described above. We again measured the 
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throughput of some of the fabricated double-ta.pered probes with dr=200 nm. 
These results are also plotted in Fig. 4.9 (closed circles). A throughput ten 
times higher than that of probe A (open circles) was achieved. This com
parison implies that one of the most important factors in determining the 
throughput is the length of the loss region in the narrow tapered core. 

I I 
300 nm 

Fig. 4.11. Scanning electron micrograph of a double-tapered core 

In the case of a double-tapered probe, the realization of apertures smaller 
than 100 nm is not yet feasible owing to the large cone angle required. How
ever, owing to the limitations in measurement sensitivity, high throughput is 
more crucial than realizing a very small aperture for the detection of a weak 
signal in the advanced spectroscopy of semiconductors. The capabilities of 
double-tapered probes in such experiments are demonstrated in Chap. 9. 

4.3.2 Triple-Tapered Probe 

We have shown in the previous section that by using a double-tapered struc
ture in the probe, the throughput can be increased more than ten times. 
However, a further problem with the double-tapered probe is the deteriora
tion of resolution caused by the larger apex diameter of the double-tapered 
core owing to its large cone angle. In order to solve this problem, the triple
tapered probe shown in Fig. 4.12 has been proposed and fabricated. The 
diagram in the bottom right-hand corner of this figure shows the result of 
this fabrication, which is a probe with a very sharp third taper on top of the 
double-tapered core. Owing to this sharp taper, the generation and localiza
tion of a very high spatial Fourier frequency component of the optical near 
field is expected. Its fabrication consists of five steps. (Another fabrication 
technique for a triple-tapered probe is described in Sect. 3.5.1.) 
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1. Chemical etching to sharpen the core and reduce the cladding diameter. 
2. Irradiating the FIB to form a very sharp tapered core on a flat floor, 

which is used as the third taper. 
3. Chemical etching to form the first and second tapers at the foot of the 

third taper. 
4. Coating with a gold film. 
5. Removing the gold film from the top of the third taper in order to form 

an aperture. 

The chemical etching for steps 1 and 3 are the established techniques de
scribed in Chap. 3. Step 5 was used to form a flat aperture in order to 
compare the throughput with that of the other apertured probes described 
in previous sections. However, it is also possible to maintain the top of the 
third t.aper after removing the gold film with a KI-I2 etching solution in or
der to obtain a protruded triple-tapered probe, which can realize a very high 
resolution while maintaining a high throughput. 

Cladding Core A 
(1) Ch:::,:ching • • 

The third taper I (2) By FIB 

The second taper + 
The first taper .-t. 

(3) Chemical etching 

+-

(5) By FIB 

--+ 

Fig. 4.12. Schematic diagram of the fabrication of a triple-tapered probe with an 
aperture at a flat top 

Figure 4.13a and b show scanning electron micrographs of the results of 
step 2, which are obtained by using a Ga+ ion beam of 30 nm and 1 J.tm 
diameter, respectively. A comparison between the two figures suggests that 
the I-J.tm-diameter ion beam is as effective as the 30-nm ion beam in forming 
the third taper, and that an expensive FIB machine for tight focusing may 
not be necessary. Figure 4.13c and d show scanning electron micrographs of 
the triple-tapered core formed by step 3. A schematic illustration of a triple-
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(a) 1 /lm 

(c) 

(e) 

L.-.I 
500 nm 

1 11m 
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(b) 1 /lm 

-------! 
L=350 nm 

(d) 

(f) 
500 nm 

Fig. 4.13. Scanning electron micrographs of a triple-tapered probe. a, b Results of 
step 2 obtained by using a 30-nm- and I-tJm-diameter Ga+ ion beam, respectively. 
c, d Profile of the triple-tapered core formed by step 3 and a magnified image of 
the third taper. e, f Side view and magnified top view of the probe after steps 4 
and 5. 
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tapered core is given in the inset in Fig. 4.12, where ()2 and ()3 represent the 
cone angles of the second and third tapers, respectively. The length of the 
third taper is represented by L. Although Fig. 4.13c shows ()2=150°, the value 
of ()2 realized by this step can be controlled within the range 90-1500 with 
an error of ±5°. Figut:e 4.13d is a magnified picture of the third taper, with 
()2=300 and L=350 nm and a fabrication error of 30 and 30 nm, respectively. 
It also shows the nanometric apex diameter of the third taper. Figure 4.13e 
and f show the side and magnified top views of the probe, respectively, as 
fabricated by steps 4 and 5. The value of de is 60 nm and the thickness of 
the gold film is 300 nm. 
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Fig. 4.14. Measured relations between the aperture diameter df and the through
put. Closed circles, open circles, and open triangles represent the values for a conven
tional probe, the edged probe in Sect. 4.2.2, and a triple-tapered probe, respectively 

Figure 4.14 shows the measured results of the dependency of the through
put on dr. The closed circles, open circles, and open triangles represent the 
values for the conventional probe, the edged probe in Sect. 4.2.2, and the 
triple-tapered probe, respectively. This figure confirms that the triple-tapered 
metallized fiber probe has a throughput 1000 times higher than that of a con
ventional probe for 60 nm::;dr900 nm. In other words, a throughput as high 
as 1 x 10-4-1 X 10-2 has been realized over this range of values for dr. 

The realization of such an extremely high throughput happens for several 
reasons. 

1. The overall profile of the first and second tapers is similar to a convex 
lens, which allows the guided light to be focused from the fiber to the 
foot of the third taper. 
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2. The third taper is much shorter than the total length of a conventional 
fiber probe, which reduces the guiding loss. 

3. Figure 4.14 also shows that the relation between dr and the through
put of the triple-tapered probe is similar to that of the edged probe for 
80 nm:::;dr:::;300 nm. This similarity reveals the possible excitation of the 
HE-plasmon mode even in the triple-tapered probe. This is attributed to 
the edge formed between the second and third tapers due to the drastic 
change in the cone angle. 
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Fig. 4 .15. Measured spatial distribution of the output light power on the pla
nar aperture of a triple-tapered probe with d,=60 nm. a Topographic image of 
the aperture surface measured simultaneously by a shear-force technique. b Two
dimensional profile of the distribution. c Cross-sectional profile of b 
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Figure 4.15a shows the measured spatial distribution of the output light 
power on the planar aperture (dr=60 nm) at the top of a triple-tapered probe. 
The experimental set-up for this measurement was similar to that used in 
Fig. 4.6. Figure 4.15b shows a topographic image of the aperture surface 
measured simultaneously by the shear-force technique. By comparing these 
two figures, the generation of light at the center of the aperture is confirmed. 
Figure 4.15c shows the cross-sectional profile of the distribution derived from 
Fig. 4.15a. Its full width at half-maximum is 160 nm, which is the convolution 
between the aperture diameter (60 nm) and the size of probe B in Fig. 4.6. A 
remarkably sharp peak at the center of this curve is attributed to localization 
of the optical near field by the third taper on the top of the core. 
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Chapter 5 

Functional Probes 

5.1 Introduction 

This chapter describes functional probes which have a functional material on 
the tip of an optical fiber probe, especially those fabricated by a new fixation 
method proposed here. Figure 5.1 depicts a functional probe constructed 
from a metal-coated fiber probe. The size of the functional material is micro
or submicro-meter, which is equal to or less than an optical wavelength. 
However, it is worth noting that nanometric size is expected in the future 
with improved technology to be fully compatible with near-field optics. 

Comparison between functional probes and conventional probes described 
in Chaps. 3 and 4 allows one to recognize the significance and applications of 
functional probes. Functional probes can be regarded as optical fiber sensors 
directed into miniaturization. Appropriate applications of functional probes 
are those which cannot be achieved by conventional probes, such as energy 
transfer, optical nonlinearity and chemical/biological sensing. Local investi
gation of conditions and environments as well as the optical field, including 
the optical near field, is possible. 

Pioneering studies of functional probes have been carried out by Kopel
man and co-workers [1-11]. By using a photoinitiated polymerization tech
nique as the fixation method, submicrometer chemical sensors were demon
strated with metal-coated optical fiber probes produced by a heat-pulling pro-

Cladding 

0.1 ~m 

Metallic film 
$1 ~m 

t 
Functional materials 

Fig. 5.1. Schematic diagram of a 
functional probe. A functional ma
terial is selectively attached to the 
tip of the probe 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
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cess [1,2]. In preliminary experiments using capillary-type probes, functional 
probes with a point light source and high throughput were reported [3-5]. 

Methods of fabricating the functional probes are considered in terms of 
fixation method, material selection, and practical use, which are closely cor
related with each other. Since fixation methods are so undeveloped that they 
restrict material selection, practical use is the last consideration. In the next 
section, we describe a newly developed fixation method using a micropipette. 

5.2 Methods of Fixation 

The basic requirement for a functional probe is the selective fixation of a func
tional material on the probe tip, because selective fixation makes it simple 
to interpret the optical response of the probe. With a nonselective fixation 
method such as the dip-coating method, the whole surface of the probe is 
covered by the functional material. The resulting functional probe cannot in
dicate a local response because of diffusion effects in the functional materials, 
such as Brownian motion or carrier propagation. 

A suitable method for selective fixation, proposed by Kopelman and co
workers, is photoinitiated polymerization due to UV light coupled at the other 
side of the probe. The size of a fixed polymer is determined by the aperture 
diameter of the metal-coated probe [1, 2]. Although the fixation method has 
excellent selectivity, it means that a limited number of materials can be fixed 
to photoinitiated polymers. 

We propose a fixation method which uses a micropipette with a micro
manipulator system in order selectively to fix the functional material onto 
the tip of the fiber probe. This newly developed fixation method enables one 
to attach various different kinds of material. Figure 5.2 shows three types 
of tip shape for the functional probes, which can all be constructed by the 
micropipette fixation method. In addition, this method can be applied to 
heat-pulled probes as well as the chemically etched probes. 

Figure 5.3 shows a schematic diagram of the micromanipulator system, 
which consists of two electrically controlled micromanipulators and a conven-

(a) (b) (c) 

v Fig. 5.2. Schematic diagram of 
tip shapes of functional probes 
constructed from a metal-coated 
fiber probe, b a bare fiber probe 
and c flattened top fiber probe 
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Micropipette : •••• 
'. ". '. 

Fig. 5.3. Schematic diagram of the micromanipulator system used for the mi
cropipette fixation method. The system consists of two micromanipulators and an 
optical microscope. Fixation is performed under observation through the optical 
microscope 

tional optical microscope. A fiber probe is held on the holder of one micro
manipulator while a micropipette is set on the holder of the other. Figure 5.4 
illustrates a typical fixation procedure for the functional probes in Fig. 5.2a 
and b. The functional material adheres to the glass surface of the probe tip 
due to adsorption. Fixation sizes are controllable in the range of 1 to 3 J.lm. 
The upper limit of the fixation size can be expanded to more than 10 J.lm 
when heat-pulled probes are used. On the other hand, the lower limit of the 
fixation size Can be decreased to less than 0.3 J.lm when the flattened top 
probe shown in Fig. 5.2c is used. The functional material is fixed by colliding 
the tip of the micropipette with the flattened top of the probe, as shown in 
Fig. 5.5a-c. Fixation size is limited not by the diffraction limit, but by the 
tip size of the micropipette. Figure 5.5d shows a fabricated functional probe 
with a fixation size less than the optical wavelength. The functional material 

(a) 

(b) 

(c) 

Probe Micropipette 

Fig. 5.4. Schematic illustration of 
the process for attaching a func
tional material to a probe tip by 
the micropipette fixation method. 
a The micropipette and the probe 
are aligned coaxially. b The mi
cropipette is made to approach the 
probe until the probe tip is im
mersed in the functional material. 
c The probe with the functional 
material is removed from the mi
cropipette 
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Fig. 5.5. Schematic illustration of the fixation process, and a SEM micrograph of a 
flattened-top probe. a The micropipette and the probe are aligned coaxially. b The 
micropipette is made to approach the probe until the tip of the micropipette collides 
with the flattened t.op of the probe. c The probe with the functional material is 
removed from the micropipette. d SEM micrograph of a functional probe tip with 
rhodamine 6G dye molecules of a tot.al size less than t.he optical wavelength 

is rhodamine 6G dye molecules, which are dissolved in an ethanol solvent, 
injected into a micropipette, and fixed by the micropipette fixation method. 

5.3 Selecting a Functional Material 

Since the fixation method selects the material to immobilize on the probe 
tip, we have to consider the requirements for the materials imposed by the 
micropipette fixation method. First., the materials must be liquid or dissolved 
in solvents in order t.o fill a micropipette. Second, the materials must be fixed 
on the probe surface by adsorption, which is t.he result of the intermolecular 
force between the glass surface and the matter. Polar substances are more 
appropriate than nonpolar ones for attaching to a glass surface with a po
larity which is the same as that of the silanol group (Si-OH), because then 
the dipole-dipole interaction works more effectively. Third, the capillary ef
fects (e.g. , capillary condensation and capillary rise) of using a micropipettes 
should be taken into account, because they can influence chemical proper
ties such as viscosity, concentration, and components of the material in the 
micropipette. Changing the viscosity of functional materials by the use of 
solvents can control the size and shape of the fixed matel·ial. It is also worth 
considering that fine particles can be fixed on a probe tip by means of an 
aggregation of colloidal part.icles dissolved in volatile solvents at the tip of 
the micropipette. 
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(b) 

Fig. 5.6. SEM micrographs 
of functional probes. The 
functional materials are a 
PDA polymers and b GaAs 
fine particles 

Figure 5.6a and b show examples offunctional probes [12]. In Fig. 5.6a, the 
polymer is polydiacetylene (PDA) 3ECMU, an optical nonlinear material. Its 
solvent is 1,1 ,2,2-tetrachloroethane. In Fig. 5.6b, the fine particles are GaAs 
powder, which is prepared by crushing a GaAs wafer in a mortar for about 
an hour. GaAs powder in an ethanol solvent behaves like colloidal particles. 

5.4 Probe Characteristics and Applications 

This section describes the characteristics of functional probes and their pos
sible applications, such as a point light source and a chemical sensor. 

5.4.1 Dye-Fixed Probes 

A dye-fixed probe is excellent for practical use in efficient fluorescence al
though it has the problem of photobleaching. It has promising application as 
light-emitting probe for use as a point light source. A more attractive appli
cation is a energy-transfer probe, which can achieve high spatial resolution 
using energy transfer from the donor dyes of a sample to the acceptor dyes 
of the probe. In this subsection, light-emitting probes are demonstrated with 
dye-fixed probes. 

A dye-fixed probe of subwavelength size works as a point light source. 
With this probe, near-field optical microsopy measurements have been per
formed in collection mode [13]. A sample of a compact disc (CD) with a 
grating structure of 2 J-lm, a pit diameter of 0.3 J-lm and pit space of 0.1 J-lm 
is illuminated under total reflection by the beam of a 488 nm cw Ar+ laser. 
The dye molecules on the probe are excited by an optical near field generated 
on the CD surface, and radiate fluorescence of around 600 nm wavelength. 
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(a) (b) 
Fig. 5.7. NOM measurement of a CD surface with a light-emitting probe. a Shear
force image. b Fluorescence image 

This propagates through the optical fiber of the probe, passes through a 
notch filter which rejects the 488-nm-wavelength light, and finally reaches a 
photomultiplier tube operated in photon-counting mode. The sample-probe 
separation is controlled by the shear force technique, and the fluorescent im
age is obtained by scanning the probe. Figure 5.7a and b show a shear-force 
topographic image of the CD surface and a fluorescence image of the CD 
surface, respectively, which are measured simultaneously. The spatial homo
geneity of the fluorescent image in Fig. 5.7b reveals that the dye-fixed probe 
does not have any photobleacing problems within a measurement time of 
about 20 min. Compared with the shear-force topographic image, the fluo
rescent image has low cont.rast of the grating structures, but high contrast 
of the pit patterns. Low contrast at a large scale and high contrast at a 
small scale are due to the operation of the constant-distance mode by the 
shear-force feedback (see Sect. 6.2.2.1 for details) . 

5.4.2 Chemical Sensing Probes 

Dyes such as phenolphthalein have been used as a fluorescent indicator of pH 
in analytical chemistry. This idea suggests that by using fixing materials like 
the fluorescent indicator, we can obtain chemical sensing probes which will 
enable us to measure the spatial distribution and temporal evolution of the 
ion concentration in a cell. In this subsection, we describe chemical sensing 
probes fixed with a plasticized poly(vinyl chloride} (PVC) membrane, which 
has been extensively used as a lipqphilic membrane in ion-selective sensors 
operated in an optical mode [14-35] as well as in an electrical one. Much 
effort has been focused on the miniaturization of optical sensors using the 
plasticized PVC [9, 10]. 
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NHCOC17H35 

(b) 5-octadecanoyl-amino
fluorescein 

(c) 4-heptadecyl-
7 -hydroxycoumarin 

Fig. 5.8. Chemical structures of reagents. a DD16C5 is a Na+ -selective neutral 
ionophore. b 5-octadecanoyl-amino-fluorescein is an indicator dye for the measure
ment of fluorescence intensity while c 4-heptadecyl-7-hydroxycoumarin is a one for 
that of fluorescence spectral shift 

An ion-selective membrane operated in fluorescent mode is prepared by in
corporating ion-selective ionophores and indicator dyes into plasticized PVC. 
Here, the ionophore is a compound which selectively forms a complex with 
a certain ion. The sensing mechanism is based on an ion-exchange principle 
given by 

So + AHo + i+ = SiAo + H+ (5.1) 

where S is an ion-selective neutral ionophore, AH is a lipophilic anionic dye 
of the indicator, i+ is the ion to be sensed, SiA is an associated species, H+ is 
a hydrogen ion and subscript "0" represents the organic phase. Ion concen
tration is measured by changes in the intensity or spectrum of fluorescence 
of the indicator dyes. The amount of the change is determined by a ratio of 
the deprotonation of anionic dyes, AH, in Eq. 5.l. 

Figure 5.8 shows reagents of a neutral ionophore and indicator dyes in 
plasticized PVC membrane for two types of demonstration of chemical sens
ing probes. One is a measurement of fluorescence intensity using a lipophilic 
fluorescein of 5-octadecanoyl-amino-fluorescein, while the other is a measure
ment of fluorescence spectral shift using a lipophilic 7-hydroxycoumarin of 4-
heptadecyl-7-hydroxy coumarin . Doubledecalino-16-crown-5 (D D 16C5) [36] is 
a crown ether that forms an 1:1 complex with Na+ by including it in the cavity 
of DD16C5. Adhesion of the membrane to the glass surface of a hydrophilic 
optical fiber is enhanced by replacing PVC with a copolymer of 90wt% vinyl 
chloride, 6wt% vinyl alcohol, and 4wt% vinyl acetate (OH-PVC). The plas
ticizer is bis(2-ethylhexy)sebacate (DOS). The plasticized PVC consists of 
33wt% OH-PVC and 66wt% DOS. Fractional ratios of 5-octadecanoyl-amino
fluorescein and 4-heptadecyl-7-hydroxycoumarin are 3wt% and 0.6wt%, re
spectively, relative to the plasticized PVC. The neutral ionophore of DD16C5 
is about 200 mol% relative to each of the indicator dyes. A solvent of tetrahy
drofuran (THF) is used for mixing reagents. 
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Fig. 5.9. Experimental set-ups for the measurement for a fluorescence intensity 
and b fluorescence spectral shift. The chemical sensing probe is placed in a pH=7,4 
buffer solution and positioned over an objective lens of an inverted optical micro
scope. Fluorescence from the sensing membrane is collected and detected by the 
photon-counting method. Na+ concentration is changed by adding droplets of Na+ 
solution with a syringe into the culture dish 

Figure 5.9 shows the experimental set-ups for fluorescence measurements. 
A single-mode cw Ar+ laser light is coupled to an optical fiber at the other 
side of a chemical sensing probe and illuminates its sensing membrane. The 
excitation power is about 1 pW and the excitation wavelengths are 488 nm 
and 351 nm for lipophilic fluorescein and lipophilic 7-hydroxycoumarin, re
spectively. The chemical sensing probe is immersed in a solution of pH=7.4 
Tris-HCI buffer in a culture dish on the table of the inverted optical micro
scope. The Na+ concentration is changed from 0 to about 0.03 M by adding 
a NaCI drop at a time with a syringe into the culture dish. Fluorescence 
from dyes in the sensing membrane is collected with an N.A.=0.3 objective 
lens in the inverted optical microscope and detected by the photon-counting 
method after eliminating the laser light with a holographic notch filter. To 
measure fluorescence intensity using lipophilic fluorescein, a fluorescence of 
around 550 nm is directed to a photomultiplier tube (PMT), as shown in 
Fig. 5.9a. In contrast, to measure fluorescence spectral shift using lipophilic 
7-hydroxycoumarin, a fluorescence of 380-450 nm is divided into two beams at 
400 nm, near the isosbestic point of fluorescence spectra, with a dichroic mir
ror. The two divided fluorescences are separately detected by PMTs, as shown 
in Fig. 5.9b. It should be noted that a fiber with a Ge-doped core cannot be 
used for the probe because fluorescences of lipophilic 7-hydroxycoumarin and 
Ge-doped core overlap at around 400 nm when they are excited by a UV light 
of 351nm. For 351 nm excitation, the probes fabricated from pure silica core 
fiber are used instead of the etched probes. 
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Fig. 5.10. A chemical sensing probe for the measurement of fluorescence intensity. 
a SEM micrograph of t.he probe tip. The fixed size is '" 3 /-1m. b An optical response 
to a change of Na+ concentration from 0 to '" 0.03 M. The arrow represents the 
time at which a droplet of Na + solution is added to the buffer solution in the culture 
dish 

Figure 5.10a and b show a SEM micrograph of a chemically etched probe 
wit.h lipophilic fluorescein, and the measured temporal variation of the fluo
rescence intensity induced by a change in the Na+ concentration, respectively. 
To acquire the signal representing the spectral wavelength shift, we used a 
heat-pulled probe with lipophilic 7-hydroxycoumarin, a SEM micrograph of 
which is shown in Fig. 5.11a. Figure 5.11b shows temporal variations of two 
fluorescence intensities. One is a longer wavelength than the isosbestic point 
of the fluorescence spectra, and the other is shorter. Figure 5.11c shows the 
temporal variation of the ratio between the two fluorescence intensities in 
Fig. 5.11b. Thus, this ratio in Fig. 5.11c is proportional to the magnitude of 
the spectral wavelength shift. An advantage of using fluorescence intensity 
ratio is that it rejects the contribution of photobleaching, which can be seen 
in Figs. 5.10b and 5.11b. The response time to a change in Na+ is 10 s in 
both Figs. 5.10b and 5.11c. 

By replacing the nontailed ionophore of DD16C5 with a tailed one of 
tetradecy I-dou bletetramethy 1-16-crown-5 (C 14-DTM 16C5) [36], the stability 
of the optical signals is improved [37). This can be explained by the fact 
that the tail of the ionophore acts like an anchor that prevents the ionophore 
which includes Na+ from leaching into the aqueous phase due to attachment 
to plasticized PVC. Details will be described elsewhere. 
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Fig. 5.11. A chemical sensing probe for the measurement of fluorescence spectral 
shift . a SEM image of the probe tip. The fixed size is '" 5 /Jm. b Optical responses 
of two fluorescences separated approximately at the isosbestic point when the Na+ 
concentration is changed from 0 to '" 0.03 M. The fluorescence of the No.1 profile 
has lower energy than that of the No. 2 profile. c A time-resolved profile of the 
fluorescence intensity ratio derived from profiles in b. Arrows in band c represent 
the time at which a droplet of Na+ solution was added. The peaks at the arrows in 
band c are due to a flashlight 

5.5 Future Directions 

Although functional probes have such simple structures that materials can be 
selectively fixed to the probe tip, they have problems in practical use which 
are not yet solved. Developing a new fixation method is an essential task for 
the future so that various kinds of functional material with various sizes and 
shapes can be fixed. With an established fixation method, knowledge about 
materials and their related technology will playa major role in resolving 
many issues about the functionality of functional probes. This knowledge will 
cover near-field optics, optical fiber sensors, analytical chemistry, biological 
chemistry, colloidal chemistry, surface chemistry, polymer science, solid state 
physics, optical microscopy, fluorescence spectroscopy, laser spectroscopy and 
so forth. In particular, knowledge about spectroscopy for measuring weak 
optical signals is vital. 

Biological applications of functional probes are especially interesting. An 
in vivo investigation of cells and neurons could be carried out using chemi
cal sensing probes by measuring the spatial distribution and time evolution 
of biological materials. Chemical structure and arrangement could also be 
determined using energy-transfer probes by simultaneously measuring topo
graphical and energy-transfer images of biological substances whose specific 
groups are labeled with dye molecules. 
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Chapter 6 

Instrumentation of Near-Field Optical 
Microscopy 

6.1 Operation Modes of NOM 

With the probes whose fabrication was described in Chap. 3 based on the cri
teria concepts described in Chap. 2, the near-field optical microscope (NOM) 
can generally be operated under two different modes, called the collection
mode (c-mode) NOM and the illumination-mode (i-mode) NOM. Figure 6.1 
gives a schematic illustration of the two different modes of operation. In c
mode NOM (Fig. 6.1a), the light is incident on the sample at total internal 
reflection. The three-dimensional optical near field generated and localized 
on the sample surface is scattered by a probe, and part of the scattered field 
is collected through the same probe. There exist optical near fields from the 
planar background and from the sample. However, no optical near field from 
the background will be picked by the probe when probe parameters such 
as apex diameter and foot diameter are subwavelength and comparable to 
the size of the sample feature. The principle of operation of i-mode NOM 
(Fig. 6.1b) is similar, except that the probe acts as a generator of the op
tical near field which illuminates the sample surface. The field scattered by 

Incident ligtlt---:i~::=~ 

Incident light 

(a) (b) 

Fig. 6.1. Schematic illustration of a the c-mode and b the i-mode NOM 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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Fig. 6.2. Schematic illustration of c-mode NOM 

the sample is collected by conventional optical elements. In either c-mode or 
i-mode, probe parameters such as apex diameter, foot diameter (for these 
definitions, see Chap. 2), and sample-probe separation determine the detec
tion efficiency, the obtainable resolvable smallest feature of the sample, and 
the image contrast. 

In this chapter we describe the features of these modes of operation. Fur
ther, this chapter gives a detailed discussion on the second essential element of 
NOM, i.e., the scanning control. Different methods of scanning control, such 
as the shear-force feedback technique and the optical near-field intensity feed
back technique to obtain a constant sample-probe separation, are discussed. 
Some reviews on the constant-height mode and the constant-distance mode 
are also given. 

6.1.1 c-Mode NOM 

Figure 6.2 gives a schematic illustration of the optical system of a c-mode 
NOM. The sample is mounted on an xyz piezo stage. The piezo parameters are 
chosen depending on features such as the lateral and longitudinal variations 
of the sample of interest. Here, the piezo stage has a total lateral scan span 
of 100 j.tm x 100 j.tm so that it is suitable for scanning biological specimens, 
for example. The z stage has a span of 5 j.tm. A right-angle or dove prism is 
used for generating the optical near field on the sample surface. The sample 
is mounted on the prism with a sandwich of index-matching oil. Here, care 
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Fig. 6.3. Variation of the optical near-field intensity as a function of the sample
probe separation 

should be taken to avoid unnecessary scattering from the prism surface, such 
as from dust, or scratches, as strong scattered fields will lead to a large 
background signal. The probe is also mounted on an xyz stage so that it can 
be moved freely over the different areas of the sample. It is also necessary 
that both the prism-sample and the fiber probe are mounted rigidly so that 
no external vibration affects the system. 

The light from a laser diode (LD) of wavelength 680 nm was used as the 
source. The light is incident on the prism in such a way that it is totally 
internally reflected and the optical near field is generated on the sample 
surface. This optical near field is localized in three-dimensional space and it 
follows the spatial variations of the sample, as shown by the shaded region 
in Fig. 6.2. The probe starts to brighten when it approaches closer to the 
sample. This corresponds to the fact that the optical near field is scattered 
by the probe. The scattered field contains information about the sample 
features, and part of the scattered field gets in through the same probe by 
propagating through the fiber. By having a highly sensitive detector such 
as a photomultiplier tube at the other end of the probe, information about 
the sample features can be extracted. In this system, the sample substrate 
is moved to get a two-dimensional (2D) sample feature distribution. Typical 
values for the detected power of the scattered light are of the order of a few 
nanowatts to a few hundred picowatts. Further, by modulating the light from 
the LD and detecting the signal at the modulated frequency with a lock-in 
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amplifier, it will be possible to perform a highly phase sensitive detection of 
the signal over the background. 

Figure 6.3 shows the variation of the optical near-field intensity as a func
tion of the sample-probe separation. As the probe approaches the sample 
surface, the optical near-field intensity increases sharply. This monotonous 
variation of the optical near-field intensity can be used as a feedback control 
signal to maintain a constant sample-probe separation while performing the 
2D raster scanning of the sample. The 2D raster scanning and the feedback 
operation can be performed with a commercially available controller. The 
modes of scanning and scanning control will be discussed in Sect. 6.2. 

6.1.2 i-Mode NOM 

Figure 6.4 shows a schematic illustration of the experimental system of an 
i-mode NOM. In this system, light from a laser (here, an Ar ion laser is used 
as the light source) is coupled into the fiber probe to illuminate the sample. 
The sample is mounted on an xyz piezo stage to make the raster scan possible. 
The light coming out of the probe contains both the radiating far fields and 
the optical near fields. Their ratio depends strongly on probe characteristics 
such as apex diameter and foot diameter: the smaller these parameters, the 
weaker will be the radiating far fields. Hence, on approaching the sample 
surface very close to the substrate, i.e., within a few nanometers, the optical 
near field localized around the probe gets scattered by the fine features of the 
sample. With an objective lens with a high numerical aperture, most of the 
scattered field is collected to be detected by a photomultiplier tube. Here, by 
using techniques such as labeling with an absorbing or fluorescent dye, it is 
possible selectively to investigate or identify the sample features. 

In both c-mode and i-mode, the sample is scanned by the probe at a 
sample-probe separation of around 10 nm. There are basically three ways 
of maintaining this order of separation during the raster scanning. One is 
a free running operation without regulating the sample-probe separation. 
This is called the constant-height mode. In other words, the probe is kept 
at a constant vertical position and the sample is moved only in the :to and y 
directions to obtain an image. Although this kind of operation could result in 
the probe bumping into the protruding features of the sample, hence leading 
to possible damage to the sample and the probe, it can be implemented 
successfully if some a priori information is available about the sample. We 
will demonstrate the results in Sect. 6.2.1. Another way to maintain the 
sample-probe separation is called the constant-distance mode. This can be 
acheived in two ways: One is to use the monotonous variation of the optical 
near-field intensity as a feedback signal [1, 2]. The other is through the use of 
an auxiliary signal which simultaneously maps the topographical variations 
of the sample, such as the shear force [3, 4]. The third possibility is atomic 
force which is sometimes used for feedback control [5]. We will describe the 
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control techniques using the optical near-field intensity and the shear force 
in detail in Sect. 6.2. 

6.1.3 Comparative Features of Modes of NOM 

In this section, a comparative evaluation of the features of c-mode and i
mode NOMs has been obtained empirically based on the authors' experience 
through performing experiments. Table 6.1 gives the results of the empirical 
comparison of the different features and characteristics of the modes. 

Based on the features of NOMs in Table 6.1, choice of the operation mode 
of NOM depends on the sample, the type of image, such as the near-field 
optical image distribution and the near-field spectral characteristics. In the 
following Chaps. 7-11, both modes have been used extensively based on the 
sample features and the type of information required. 
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Table 6.1. Empirical comparison of the different features and characteristics of c
and i-mode NOMs 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

c-mode 

Sample illuminated externally and opti
cal near field from the sample picked up 
by the probe 

Due to 1, polarization control of illumi
nation light possible 

Due to the illumination of the whole sam
ple surface, manipUlation or producing 
localized changes in sample difficult 

Optical near field from a point on the 
surface of the sample mostly follows a 
monotonous variation when moving away 
from the surface 

Due to 4, an inherent feedback signal 
is available for maintaining a constant 
sample-probe separation 

Maps equi-intensity contour, and hence 
the contrast of the image is coming solely 
from the optical signal change 

Due to whole illumination of the sam
ple, for a large scattering type of sample, 
the background scattered signal becomes 
large, reducing the strength of the optical 
near-field signal 

Fluorescent labeling possible. However, 
due to the illumination of the whole sam
ple area, possibility of bleaching of the 
dye occurs 

Labeling of the sample with absorbing 
dye may introduce large roughness varia
tions, leading to large scattering 

Due to the availability of inherent optical 
near-field intensity feedback mechanism, 
no lateral dithering of the probe is re
quired 

Because of optical near-field intensity 
feedback, operation can easily be ex
tended to liquid 

Image interpretation is relatively easy as 
the sample is scanned by keeping the op
tical near-field intensity constant 

As an operational precaution, it is neces
sary to avoid largely scattering samples. 
Moreover, it is difficult to image opaque 
and semi-transparent samples 

i-mode 

Sample illuminated locally by the probe 
and the scattered light collected by con
ventional optics 

Difficult to predict the state of polariza
tion of the light coming from the probe 
due to its structural complexity 

Due to localized illumination of the sam
ple, producing localized changes or ma
nipUlation possible 

No definite and predictable variation of 
the light scattered by the sample exists 

An auxiliary technique such as shear
force or atomic force is needed for main
taining constant sample-probe separa
tion 

Maps equi-force contour. This leads to 
contrast changes introduced into the op
tical image not solely from the optical 
signal change, but coming from the dif
ferential change of the probe motion 

Local illumination of sample avoids wor
ries about sample scattering characteris
tics to some extent 

Fluorescent lab~ling of the sample makes 
it possible to do discriminatory inspec
tion and spectroscopic studies 

Labeling of the sample by absorbing dye 
enhances the contrast of the image 

In the auxiliary mechanism of shear-force 
feedback, the probe is dithered laterally, 
leading to damage of the sample 

Shear-force employed for feedback con
trol makes it difficult to extend the oper
ation in liquid. Capillary forces and large 
Q of resonance lead to poor sensitivity of 
shear-force 

Image interpretation not straightforward 
as the image contrast is not solely from 
an optical signal change, but rather from 
the shear-force induced contrast changes 
in the image 

No restriction on the sample. Both 
opaque and transparent sample possible 
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(a) (b) 

Fig. 6.S. A schematic illustration of (a) constant-height mode and (b) constant
distance mode 

6.2 Scanning Control Modes 

It is necessary to have the probe in the near-field region while making the 
2D raster scan of the sample with the probe in both c- and i-mode NOMs. In 
other words, the sample-probe separation should be of the order of a few to a 
few tens of nanometers in order for it to be possible to image the finer features 
of the nanometric sample. This is because the separation has to be as close 
as possible to the height variation of the smallest feature in the sample. By 
imaging an ultrasmooth sapphire surface (cf. Chap. 7), the constant-height 
and constant-distance modes of imaging are demonstrated in the following 
sections. 

6.2.1 Constant-height Mode 

Figure 6.5a is a schematic illustration of this mode of scanning. Here, the 
sample under observation is an ultrasmooth sapphire surface. The sample is 
obtained by annealing a mirror-polished sapphire surface at lOOO-1400°C. 
During the process, misorientation of the atomic planes leads to atomic steps 
with a step height in the range 2-4 nm and a step width of 1.3 I'm [6]. 
The sample is moved in the x and y directions in a raster fashion while 
positioning the probe at some vertical position corresponding to a point along 
the distance-intensity curve (see Fig. 6.3). The resulting image is a two
dimensional map of intensities as a function of the lateral position in the 
sample. This kind of scanning is fast, as no feedback control is implemented. 
Further, it also excludes the possibility of introducing any artificial contrast 
in the image. To perform this kind of scanning, however, some kind of a priori 
information about the height-feature variation of the sample is required in 
order not to bump into the sample, and hence not to damage both the sample 
and the probe. 

Figure 6.6a gives a shear-force topographic image of the ultrasmooth sap
phire surface. Figure 6.6b-d show the results of constant-height mode images 
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obtained by scanning the same region of the surface at sample-probe sep
arations of around 100 nm, 50 nm, and 5 nm, respectively. In order not to 
bump into different steps, a scanning area is selected so that it contains only 
one step on the surface. The cross-sectional variation across the step, as in
dicated by the lines in Fig. 6.6a-d, are illustrated at the bottom of each of 
these figures. The broken line in the illustration indicates the position of the 
edge of the step. When the probe is around 100 or 50 nm away from the 
surface, there exists a blurred bright region around the edge, as indicated by 
the arrows in Fig. 6.6b and c which is represented by a broad curve in the 
illustrated cross section. In contrast, on going close to the step height (i.e., 
around 5 nm), the bright region becomes very sharp, and is followed by a 
dark region. The dark region corresponds to the falling edge of the step. The 
bright narrow region corresponds to the region before the edge of the step. In 
each of figures b-d, the arrow at the top indicates the position of the step as 
estimated from the shear-force topographic image. This also agrees with the 
expected result [7-11]. It is expected that at the edge, due to surface discon
tinuity, there should exist a highly localized three-dimensional optical near 
field, with the field extent determined by the step height. As the step height 
is less than 5 nm, the optical near field is also localized within the volume 
determined by this height. Therefore, on bringing the probe as close as one 
step height or closer, the region near the edge of the step appears sharp and 
bright. These results show that it is possible to obtain high-contrast images 
under constant-height mode provided that the scanning height is very close 
to the height variation of the sample under observation. 

6.2.2 Constant-Distance Mode 

Figure 6.5b shows a schematic illustration of the constant-distance mode. 
The probe is scanned so as to follow the topography of the sample while 
performing raster scanning of that sample. 

6.2.2.1 Shear-force Feed Back 

One of the techniques generally used in following the topographical variations 
of the sample is the shear-force technique. Here, the differential force or fric
tional force is detected by dithering the probe at its resonance frequency at 
some amplitude, and the amplitude of dithering is monitored optically with 
an LD and a photodetector, as shown in Fig. 6.4 [3, 4]. Due to the presence of 
van der Waals force in the proximity of the surface, the resonance frequency 
is changed or shifted [12]. Therefore, the dithering amplitude of the resonance 
frequency decreases when the probe approaches closer to the sample surface. 
Figure 6.7 shows the variation of the dithering amplitude as a function of the 
sample-probe separation. The inset shows the resonance frequency spectrum 
of the probe. Raster scanning is done by dithering the probe at a constant 
amplitude and hence constant sample-probe separation. In spectroscopic ap
plications, the use of an additional laser beam in detecting the vibrations of 
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Fig. 6.6. a Shear-force topographic image of an ultrasmooth sapphire surface. The 
pixel size is 10 nmx10 nm. b-d c-mode NOM images of the same region obtained 
under constant-height mode at sample-probe separations of around 100 nm, 50 nm, 
and 5 nm, respectively. The arrow at the top of each image indicates the position of 
the step edge as estimated from the shear-force topographic image. Corresponding 
schematic sketches at the bottom of each image represent the variation across the 
line shown in each image. In these sketches, the broken line represents the edge of 
the step. The bright, sharp region in d corresponds to the region just before the edge 
of the step, and it appears as a blurred bright region in band c. The falling edge of 
the step appears dark in d. The arrows in b-d indicating the bright region, which 
approximately corresponds to the edge of the step. The arrows drawn between a 
and b, and between c and d represent the directions of the wave vector k and the 
electric field vector E of the incident light 
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Fig. 6.7. Variation of the dithering amplitude as a function of the sample-probe 
separation. The inset shows the resonance frequency spectrum 

the probe generates unwanted light and introduces difficulties in detecting 
the optical near-field fluorescence signal. To detect the vibrations, several 
nonoptical schemes have recently been proposed, such as using the capaci
tive change between the probe and a nearby capacitance lead [13], using the 
impedance change in a balanced bridge with an oscillating tip on one arm [14], 
or using a quartz crystal tuning fork with the fiber probe attached to one of 
the prongs and detecting the voltage between the electrodes attached to the 
prongs [15-18]. 

In general, the image obtained is a map of constant force, and it can be 
considered equivalent to the topography of the sample. It has generally been 
used as a feedback control signal mechanism in some of the experiments in 
the following chapters owing to its versatility. In using shear force for sample
probe separation feedback control, the lateral dithering of the probe has got 
nearly two degenerate degrees of freedom, and this will sometimes lead to 
the presence of two closely spaced resonance peaks instead of a single peak in 
the resonance spectrum of the fiber probe. Such a spectral characteristic will 
introduce instability in the feedback control loop. A simple way to solve such 
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a problem is by using a four-sectioned piezo and redistributing the voltage 
between the terminals in order to match the applied voltage to one of the 
degenerate modes [19]. 

However, recently it has been found that with shear force as the auxiliary 
feedback for separation control, a cross-talk problem arises, which is also 
referred to as an "artifact problem" (see Sect. 1.4) [20]. In other words, the 
sample-probe separation control process through the use of the shear-force 
technique can give rise to undesirable features in the optical image that are 
highly correlated with the shear-force topographical features. 

6.2.2.2 Optical Near-Field Intensity Feedback 

The other technique for monitoring the equivalent topography of the sample is 
through the use of optical near-field intensity as a feedback signal. Figure 6.8 
shows a simple experimental modification for generating the optical near field 
in an i-mode NOM. The easiest way to generate the optical near-field signal 
is by using a prism to make a light of a different wavelength to incident 
at an angle greater than the critical angle of total internal reflection. Here, 
the sample plate is replaced by a parallel plate onto which a small right
angled prism is optically bonded. The sample plate and the parallel plate 
are sandwiched with a layer of index-matching oil. A three-dimensionally 
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(a) (b) 

Fig. 6.0. a Shear-force topographic image and b c-mode NOM image of the ul
trasmooth sapphire surface obtained under constant-distance mode with optical 
near-field intensity feedback. The pixel size is 39 nmx39 nm. A schematic diagram 
of the variation across the step is shown at the bottom of each image. Broken lines 
indicate the position of the edge of the step. Vectors drawn between a and b indi
cate the directions of propagation k and t.he electric field E of the incident light. 
Based on a qualitative comparison of a and b , the region just before the edge of 
t.he step in a appears as a bright strip in b followed by a dark region corresponding 
to the falling edge of the step 

localized optical near field is generated on the surface of the sample. The 
localization of this optical near field is dependent on the features of the 
sample and not on the wavelength of the light (21) . As can be seen from 
Fig. 6.3, as the sample-probe separation gets shorter, the probe starts to 
scatter the localized optical near field, and hence to be able to pick up some 
of this scattered field. 

The 2D raster scanning is done by the proper choice of a particular inten
sity value, and hence the sample-probe separation. In this case, the resulting 
image is a map of the constant intensity or the optical near-field topogra
phy. Figure 6.9a shows the shear-force topographic image of the sapphire 
surface, and b shows the corresponding image obtained by keeping the op
tical near-field intensity constant. The schematic sketches of the variation 
across a single step region are shown at the bottom of each image. In the 
sketches, the broken line indicates the position of the edge of the step. In b, 
the region just before the edge of the step appears as a sharp, bright strip, 
and the region corresponding to the falling edge of the step appears dark 
in the constant-intensity image. This agrees with the expected results based 
on theory [7-11]. Around the edges of the ultrasmooth sapphire surface, a 
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Fig. 6.10. Variation of the dithering amplitude and the optical near-field intensity 
as a function of the sample-probe separation for a a clean probe and b a probe 
with dirt at the apex region 
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strong, highly localized optical near field is present compared with the flat 
region on either side of the edge. This field gets scattered by the probe, and 
part of it is detected as a finite intensity value. As the probe is moved up 
and down in the vertical direction to maintain this intensity constant, it is 
obvious that larger intensity values will be detected near the edges than over 
the flat regions. 

Further, the monitoring of optical near-field intensity can be used as an 
error signal for checking the quality of the probe. On performing continuous 
scanning operations, for example, with the generally employed i-mode NOM 
under shear-force feedback, there is a strong probability that the probe shape 
will undergo changes because of dirt often becomes attached to the probe 
from the sample. Such changes will introduce an overall reduction in the 
resolution of the image. A simple technique [22] has been proposed for de
ducing such changes, which involves the simultaneous recording of the shear 
force and optical near-field intensity decay curves as a function of sample
probe separation. The experimental system in Fig. 6.8 is modified to include 
a shear-force detection scheme. Figure 6.10a and b show the decay curves for 
a clean probe and a probe with dirt at the apex, respectively. Defining zero as 
the point where the dithering amplitude becomes zero, Fig. 6.10b shows that 
an increase in the optical near-field intensity occurs a long way after the zero 
point for the probe with dirt compared with the increase for a clean probe. 
This dramatic change in the morphology of the probe changes the optical 
near-field characteristics of the probe, leading to a poor resolution capability 
of the NOM system. 
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Chapter 7 

Basic Features of Optical Near-Field and 
Imaging 

7.1 Resolution Characteristics 

We characterize the basic features of optical near field and imaging using the 
system developed in Chap. 6. As an essential measure to represent the qual
ity of the imaging, this section discusses the resolution. Although the sample 
is always t.hree-dimensional, we evaluate the longitudinal and lateral resolu
tions separately for practical and experimental convenience. They are both 
influenced by various factors such as the probe parameters, sample-probe 
separation, and the polarization of the illuminating light. We discuss about 
the ways of evaluating these characterizing resolutions and their dependence 
on various factors. 

7.1.1 Longitudinal Resolution 

The longitudinal resolution of a near-field optical microscope (NOM) is char
acterized with a c-mode NOM. In order to do this characterization, the sam
ple must. be chosen carefully so that its surface variations are small enough 
to reject the scattered light. To satisfy this the criterion, the sample used 
is an ultrasmooth sapphire surface. The sample is fabricated by subjecting 
a mirror-polished sapphire surface to annealing treatments at temperatures 
between 1000 and 1400°C for several hours in air. During this process, the 
top-most surface takes the form of a staircase-like structure due to the mis
orientation of the atomic planes. A schematic model of this misorientation 
process, based on molecular dynamics calculations [1, 2] is shown in Fig. 7.1a. 
Figure 7.1b shows the shear-force topographic image of such a staircase-like 
structure. The step height is 4 nm and the,step width is 1.3 }.tm, but both of 
these depend on the annealing conditions and the surface conditions, such as 
the crystallographic face of the sapphire [3]. The experiment.al system is the 
same as that shown in Fig. 6.2. 

The sample is illuminated under total internal reflection, and the localized 
optical near field generated on the sample surface is picked up by a probe. 
In this experiment, the probe used is fabricated by the selective resin coat
ing method described in Sect. 3.4.1, and has a protruding tip with an apex 
diameter d of < 10 nm and a foot diameter dr of 30 nm. The thickness of the 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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(a) (b) 

Fig. 7.1. a Top (left) and side (right) views of the atom arrangements for the 
(0001) plane of sapphire simulated by molecular dynamics. The small and large 
balls indicat.e aluminum atoms and oxygen at.oms, respectively. The line indicates 
the center of the step edge with flat terraces on either side. b Perspective view of 
the shear-force topographic image of the ultrasmooth sapphire surface. The step 
height is 4 nm and step width is 1.3 /-1m. A sketch of the variation across the line 
drawn is shown below the image 

gold coating is around 150-200 nm. The observation was done under both 
constant-height and constant-distance modes, as described in Sects. 6.2.1 and 
6.2.2, respectively. Figure 7.2 shows an image of the ultrasmooth sapphire 
surface obtained under constant-distance mode at a sample-probe separa
tion of less than 10 nm. The sketch below the image represents the intensity 
variation across the line drawn in the image. The line corresponds to the 
position of the edge of the step. Hence, in the region around the edge of the 
step the image appears brighter, and immediately behind the step the image 
appears darker. When the sample-probe separation is increased to around 
80 nm, only a flat image with no intensity variation appears . This shows 
the high discrimination sensitivity of the probe to optical near field from the 
ultrasmooth sapphire surface. 

Further, based on NOM images obtained under constant-height mode 
shown in Fig. 6.6b-d, the optimum sample-probe separation has been found 
to be about the same as the step height. Figure 7.3a and b show a schematic 
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Fig. 7.2. Perspective view of the ultrasmooth sapphire surface at sample-probe 
separations of less than 10 nm obtained under constant-distance mode using the 
optical near-field intensity as the feedback signal. The sketch beneath the image 
represents the intensity variation across the line drawn in the image. The broken 
line corresponds to the position of the step. The peak corresponds to the region 
just before the edge of the step, and the valley corresponds to the falling edge of the 
step. The vectors in t.he left-hand corner indicate the directions of the propagation 
k and the electric field vector E of the incident light 

cross-sectional view containing the step and shear-force topographic varia
tion, respectively. Figure 7.3c and d show the corresponding one-dimensional 
intensity profiles of the constant-height mode images across a single step 
area at probe heights around 100 nm and 5 nm, respectively. The broken 
lines drawn across each part correspond to the position of the step. As seen 
in c, at around 100 nm, there appears a. broad bright region around the step 
region. At around 5 nm, as seen from d, the bright region just before the 
step region gets sharper and brighter and the falling edge of the step region 
appears dark resulting in a valley. This is due to the fact that a strong optical 
near field is localized around the edge. This gets scattered, and is detected 
on bringing the probe as close as possible to the step height . 
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Fig. 7.3. a A one dimensional schematic cross-sectional view containing a single 
step. b One dimensional shear-force topographic profile. c,d Corresponding one
dimensional intensity variations across the step region of the images obtained under 
constant-height mode at heights of 100 nm and 5 nm, respectively. The broken lines 
drawn across b-d indicate the position of the step 

Based on the above results, the longitudinal resolution of NOM could be 
estimated to be of t.he order of a few nanometers. Hence, the optical near 
field would be localized within a few nanometers for a step of height of a few 
nanometers. This can also be inferred from the fact that the optical near field, 
which localizes around the sample feature, is characterized by the extension 
of the sample feature as discussed in Chaps. 1 and 2. 

7.1.2 Lateral Resolution 

This section evaluates the lateral resolution using a system function of the 
NOM. Since the optical near field mediates the short-range electromagnetic 
interaction between the sample and the probe (see Sect. 1.3), multiple scatter
ing efficiency depends on various factors such as sample-probe separation. 1 In 

1 "Multiple scattering" means that nanometric conformations of the interacting 
sample and probe are involved in the scattering process. Therefore, it is always 
a linear optical process. In other words, it means that the proportionality be
tween the incident and scattered light powers is not violated by the nonlinear 
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other words, the operation condition of NOM, and consequently the image 
characteristics, depend on these factors. However, microscopic imaging al
ways assumes a sufficiently weak interaction, i.e., no reaction from the probe 
to the sample. It also assumes a linear measurement without modifying the 
sample conformation and structure, even though the optical near field is de
stroyed by the probe.2 This sufficiently weak interaction has been assumed 
not only for NOM, but also for other optical or even nonoptical measurement 
instruments. 

It should also be noted that causality is always assured for the multiple 
scattering process [4] because the relation between the electric fields of the 
incident and scattered lights is a linear function of the relative positions of 
the sample and the probe. This means that a linear scattering matrix can be 
defined, including the information about the conformations and structures 
of the sample and the probe. Therefore, by assuming a sufficiently weak 
interaction, a system function can be defined and used for NOM which has 
been employed for other linear and causal systems. In other words, a system 
function can be defined as long as NOM is used as a measurement instrument. 
This sufficiently weak interaction can be assumed for practical NOM systems 
by limiting their use to a relevant spatial Fourier frequency range. This section 
evaluates an experimental system function by assuming a sufficiently weak 
interaction in order to derive design criteria for NOM.3 

One method for evaluating a system function and the lateral resolution 
is through the use of power spectral analysis [5]. Using the power spectral 
density (PSD), it is possible to evaluate the system function. From this system 
function, the highest -3 dB cutoff spatial Fourier frequency could be defined 
as the lateral resolution of the system, where the amplitude of the system 
function is attenuated to half its maximum. An alternative way of defining 
the resolution could be the frequency at which the signal-to-noise ratio of 
the PSD is zero dB. In contrast, one more essential measure of imaging to 
represent the clarity of the sample image, could be defined as the ratio of the 

components of the induced polarizations of the sample and the probe. Thus, it 
is different from a nonlinear optical process. 

2 This microscope should be a processing instrument if the sample conformation 
or structure is modified. Although it is important to use NOM as a processing 
instrument by increasing the optical power, such a strong interaction regime is 
not allowed for in microscopic imaging. 

3 Use of a system function is indispensable for electronic system engineers to design 
novel electronic amplifiers and related devices. A similar assumption has been 
made here. The nonlinear response characteristics of the amplifier vary its gain 
if the input electronic signal level is increased. This increase can modulate even 
the bias voltage, which leads to a change in the operation conditions. However, 
since causality holds between the input and output electronic signals, a system 
function can be defined and used by linearizing the response character and fixing 
the operation conditions under a small signal approximation. (This approxima
tion corresponds to assuming sufficiently weak interaction in NOM, as described 
above.) 
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PSD at the frequency corresponding to the size of the smallest feature in the 
sample to the PSD at the frequency corresponding to the surface variation 
of the substrate. 

In order to evaluate lateral resolution, i-mode NOM has been used. The 
experimental system is the same as that described in Sect. 6.1.2. As a sam
ple, gold particles of diameter 20±0.5 nm in the colloidal form have been 
used. Colloidal gold particles are commercially available, and their size is well 
characterized with a transmission electron microscope (TEM). A drop of gold 
solution is dispersed on a glass substrate and allowed to dry at room tem
perature. The sample is then mounted on the piezo stage, which is equipped 
with in-built sensors to compensate for the effects of hysteresis during raster 
scanning. The probe used was fabricated by the selective chemical etching 
method to have a flattened apex, as shown in Fig. 3.7 [6], followed by coating 
with chromium and gold to a thickness of 10 nm and 200 nm, respectively to 
form a nanometric aperture. For a view of a scanning electron micrograph of 
the aperture, see Fig. 3.23. 

Figure 7.4a shows the NOM image of clustered gold particles distributed 
randomly on a glass slide substrate. When obtaining this image, the sample
probe separation was maintained at less than 5 nm. It should be noted that 
the slope corresponding to the tail of the shear-force curve is small in this 
position (as shown in Fig. 6.7). In other words, the shear-force gain was 
kept sufficiently low, and the actual scanning was done under an almost 
free-running condition in order to avoid artifact effects from the shear-force 
feedback [7]. The pixel size is 7 nmx7 nm. In this image, the region marked I 
corresponds to gold particles forming large clusters consisting of overlapping 
particles. Figure 7.4b shows a magnified view of region II, which is in the 
clustered region I. Dark regions (indicated by the arrows) correspond to·small 
clusters of gold particles. 

Figure 7.5a shows the two-dimensional (2D) PSD of the image shown in 
Fig. 7.4a. The 2D PSD is radially symmetric; the spectral variation is av
eraged along the angular direction (8) of the polar coordinate system. The 
variation of the radially averaged power spectral density (APSD) is shown in 
Fig. 7.5b. The APSD clearly shows a minimum at the spatial frequency (/0) 
5.6x 107 m- I . The theoretical APSD is calculated [8] based on a theoretical 
modeling equivalent to the random distribution of particles. Under large fluc
tuations of the spatial distribution of the particles, the APSD corresponds 
to the PSD of a single particle, which turns out to be the well-known Bessel 
function of first order. The effect of the random distribution appears to be 
the monotonous linear variation of the APSD in the low Fourier frequency 
range below the frequency h. Here h is the cross-over frequency between the 
Bessel function for the single particle effect and the monotonously varying 
component of the random distribution effect. A characteristic of the Bessel 
function is that it has a first zero at a frequency 0'0 which is proportional 
to the inverse of the size p of the particle given by 0'0 = 1.22/ p. Using this 
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Fig. 7.4. a NOM image of gold particles. Region I is the region of clustered gold 
particles. b Magnified view of region II in a. The dark regions indicated by arrows 
correspond to either single particles or small clusters of particles 

relation and 10, the diameter of a single gold particle could be estimated to 
be 22 nm, which agrees with the nominal value evaluated by TEM. 

Further, by defining the system function as the ratio of the experimental 
power spectrum to the theoretical power spectrum, an estimate of -3 dB 
could be obtained. The theoretical power spectrum is given by the Bessel 
function, with p being 20 nm, and the experimental one is given in Fig. 7.5b. 
The estimated system function takes the form H(/ /10) = 0.81(// /0)-0.16, 
being normalized to unity at / = II. From this equation, the -3 dB cutoff 
frequency could be determined as 1.2 x 109 m- I which corresponds to a size 
of 0.8 nm. This gives an estimate for the lateral resolution capability of the 
NOM system. Such a high resolution could be attributed to the presence 
of the high-frequency optical near fields confined around the edges of the 
dielectric-metal boundary at the apex of the probe [9, 10]. 

7.2 Factors Influencing Resolution 

Although resolution of the images obtained using the optical near field is 
highly influenced by many of the probe parameters, the present discussion 
is limited to the influence of the most essential parameters, i.e., the probe 
parameters and the sample-probe separation. 
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Fig. 7.5. a Two-dimensional power spectral densities (PSD) of the NOM image 
shown in Fig. 7.4a. b Radially averaged power spectral density (APSD) given as a 
function of spatial frequency f on a log-log scale. Here h is the frequency below 
which APSD is dominated by the effects due to the random arrangement and clus
tering of the gold particles. For f > h, the ASPD resembles that due to a single 
particle. /0 is the frequency at which the APSD takes a minimum value 

7.2.1 Influence of Probe Parameters 

Resolution is determined by the localization volume of the optical near 
field [9, 10]. In turn, this optical near field is determined by probe param
eters such as the apex and the foot diameter of the probe [11]. Figure 7.6a 
and b show the c-mode NOM images of the flagellar filaments of Salmonella 
obtained under constant-height mode with probes having foot diameters dr 
of 30 nm and 100 nm, respectively. The apex diameter d is less than 10 nm 
and the cone angle is 200 in each case. During the observations, the sample
probe separation was maintained at 15 nm. As can be seen, with a larger foot 
diameter, the filament indicated by a long arrow in Fig. 7.6a appears broader 
in Fig. 7.6b . The broadening is due to the probe with a larger foot diameter 
effectively picking up the field of low spatial frequency components. 

7.2.2 Dependence 011 Sample-Probe Separatioll 

Sample-probe separation plays a crucial role in the resolution of NOM imag
ing. As demonstrated in Sect. 7.1.1, for imaging an ultrasmooth sapphire 
surface with a height of 2-4 nm, the value of the sample-probe separation 
has to be made as close as possible to the step height. The lateral resolu
tion is also strongly influenced by t.he relative values of the sample-probe 
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Fig. 7.6. c-mode NOM images of Salmonellafiagellar filaments with probes having 
foot diameters df of a 30 nm and b 100 nm obtained under constant-height mode. 
Sample-probe separation was 15 nm. Long a7TOWS in the images indicate a filament. 
Note the increase in the width of the filament, as indicated by the short arrows, 
with increased df. The full width at half-maximum of the filament, as indicated 
by short arrows in a is around 50 nm. The arrows at each top left-hand corner 
represent the directions of the wave vector k and the electric field vector E of the 
incident light 

separation and the height of the sample structure [12]. Figures 7.6a and 7.7 a 
show c-mode NOM images of flagellar filaments of Salmonella obtained under 
constant-height mode at the sample-probe separations of 15 nm and 65 nm, 
respectively. The probe had an apex diameter d of less than 10 nm and a foot 
diameter de of 30 nm. Owing to the increase in separation, the full width at 
half-maximum of the filament, as indicated by the short arrows in Figs. 7.6a 
and 7.730 gets larger from 50 nm to 150 nm. In order to study the dependence 
of the images on the sample-probe separation more quantitatively, the spatial 
Fourier spectra of the images in Figs. 7.630 and 7.730 were calculated. For an 
exact estimation, all the data containing a large number of flagellar filaments 
were used, and the results are shown in Fig. 7.7b. Comparing the two curves 
in the figure, it can be seen that the value of the high-frequency component 
decreases with increasing sample-probe separation. This is attributed to the 
fact. that the size of the localization of the optical near field is of the order of 
that of the sample [9, 10]. 

7.3 Polarization Dependence 

The c-mode has been used to study the dependence of NOM imaging on polar
ization because the polarization of the incident light can easily be controlled 
in the case of the c-mode. The polarization dependence has been investigated 
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Fig. 7.7. a c-mode NOM image of flagellar filaments under constant-height mode 
for a sample-probe separation of 65 nm. The long a1TOW indicates a flagellar fila
ment. The full width at half-maximum of the filament, as indicated by the short 
a1TOWS increased from 50 to 150 nm. The probe had a foot diameter df of 30 nm. 
The arrows at the top left-hand corner represent the directions of the wave vector 
k and the electric field vector E of the incident light. b The spatial Fourier spec
trum of NOM images for sample-probe separations of 15 nm (I), corresponding to 
Fig. 7.6a, and 65 nm (II), corresponding to Fig. 7.7a 

with two different types of sample: one is an ultrasmooth sapphire surface, 
and the other is LiNb03 nanocrystals formed on this surface. LiNb03 is well 
known for its high optical nonlinearity in the bulk [13]. 

7.3.1 Influence of Polarization on the Images of an Ultrasmooth 
Sapphire Surface 

The ultrasmooth sapphire surface used for characterizing the longitudinal 
resolution has also been used for investigating the influence of polarization. 
Figure 7.8a shows a shear-force topographic image. Figure 7.8b and c show 
the corresponding images obtained under constant-distance mode of the same 
region of the sample for s-and p-polarizations, respectively. It should be men
tioned here that the detected light power in the case of p-polarization is at 
least ten times over than that for s-polarization. The position of the step edge 
is indicated by an arrow at the top of each part. Optical near-field intensity 
feedback was employed for the constant-distance mode. 

Figure 7.9a-c show the cross-sectional profiles of the shear-force topo
graphic and optical near-field intensity variations under s- and p-polarizations, 
respectively along the lines indicated in Fig. 7.8a-c. The broken line corre
sponds to the position of the step edge. The schematic sketches shown in 
the inset of Fig. 7.9b and c correspond to the expected cross-sectional inten
sity profiles across a single step region. The expected profiles were obtained 
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Fig. 7.8. a Shear-force topographic image of the sapphire substrate. h , c c-mode 
images obtained under constant-distance mode by optical near-field intensity feed
back for s- and p-polarizations, respectively of the incident electric vector over the 
same region as a. c shows the image after filtering out the interference fringes of 
the incident light , which is observed because of the low detected light power. The 
arrow at the top of each figure indicates the step edge. The arrows at the left-hand 
comers represent the directions of the wave vector k and the electric field vector E 
of the incident light 
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Fig. 7.9. a-c cross-sectional profiles of the shear-force topographic and optical 
near-field intensity variations under s- and p- polarizations, along the lines indi
cated in Fig. 7.8a-c, respectively. The inset schematic sketches are the theoretically 
expected cross-sectional intensity profiles across a single step region. The broken 
line corresponds to the position of the step edge 



7.3 Polarization Dependence 129 
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Fig. 7.10. a Atomic force micrograph of LiNb03 nanocrystals. b,c c-mode NOM 
images of nanometric LiNb03 nanocrystals obtained under constant-height mode 
by optical near-field intensity for s-polarized and p-polarized incident lights, re
spectively. The arrows near the top left-hand corner represent the directions of the 
wave vector k and the electric field vector E of the incident light. Note that the 
spots indicated by the arrows have elongated in different directions depending on 
the incident polarization 
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based on the coupled dipole mode presented in Sect. 2.1.2 and the theoreti
cal models presented in Ref. [14, 15]. Under s-polarization, as seen from the 
profile obtained in Fig. 7.9b, the region nearest the edge appears bright, with 
the falling edge of the step appearing dark. It can be seen that the profile 
obtained almost agrees with that expected result. Under p-polarization, the 
region close to the falling edge of the step appears dark. The profile obtained 
is almost same as the expected one. 

7.3.2 Influence of Polarization on tbe Images of LiNb03 

Nanocrystals 

Nanometric crystals of LiNb03 were grown on an ultrasmooth sapphire sur
face by the pulsed laser ablation technique with a KrF excimer laser [16]. 
Figure 7.10a shows an atomic force micrograph of the LiNb03 nanocrystals. 
A nanometric crystal has a length of 100 nm, a width of 80 nm, and a height 
of 10 nm. Figure 7.10b and c show the images obtained from the same area of 
the LiNb03 nanocrystal sample for s- and p-polarization, respectively. The 
images were obtained by constant-distance mode with optical near-field in
tensity feedback. In both cases, the observation was done at a sample-probe 
separation of around 10 nm. 

The nanometric crystals appear as bright spots. Comparing the results in 
band c, one spot (indicated by arrows) appears to be elongated in a direction 
perpendicular to the direction of propagation of the s-polarized incident light, 
while it appears to be elongated in the direction of propagation, and with 
much less contrast, under p-polarized illumination. In order to discuss the 
difference, we consider the spot as an ellipse and take the ratio of the major 
to the minor axes. It can be seen that the averaged ratio is always smaller 
when the spot is observed under s-polarization than when it is observed 
under p-polarization. In other words, the spot appears elongated along the 
minor axis of the ellipse in the case of s-polarization. This agrees with the 
theoretical calculations based on the optical extinction theorem of Zvyagin 
et al. [15]. In their results, in the case of s-polarization, a dielectric spherical 
sample appears to be elongated along the minor axis, and in the case of 
p-polarization, it appears to be elongated along the major axis. 
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Chapter 8 

Imaging Biological Specimens 

8.1 Introduction 

Biological specimens have been investigated with optical microscopes such as 
the differential interference contrast microscope and the confocal microscope. 
Although they provide a way to monitor the biological process in real time [1], 
their resolution is limited by the diffraction of the light. They have also 
been studied by electron microscopes, which offer high resolution. However, 
electron microscopes have several disadvantages such as: 

1. loss of surface information due to the use of special sample preparation 
techniques such as ultra thin slicing employed in transmission electron 
microscopy and surface coating used in the case of scanning electron 
microscopy; 

2. destructive observation; 
3. the requirement of a high vacuum. 

One possible method avoiding diffraction is through the use of scanning 
probe microscopes [2-8], including the near-field optical microscope (NOM). 
With NOM, it is also possible to attach specific biomolecules with fluorescing 
dye labels in order to investigate the spatial distribution and functional prop
erties of the molecules with a resolution well beyond the diffraction limit. In 
this chapter, we discuss the imaging of some biological specimens, namely, 
Salmonella, neurons, microtubules, fibroblasts, and DNA, in order to demon
strate the high-resolution capability of our NOM using fiber probes fabricated 
by the techniques described in Chap. 3. 

8.2 Observation of Flagellar Filaments by c-Mode NOM 

The Salmonella bacterium is a primitive single cell organism with a basal 
body, from which five or six flagellar filaments extend. The bacterium can 
translate by rotating these filaments at very high speed through a motor-like 
structure on its body. This structure is also known as a molecular motor, and 
its size is of nanometer order. Although the reason for such movements still 
remains a mystery [9], it is becoming important in the field of biology and 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998



134 8. Imaging Biological Specimens 

micro-machine fabrication . A single filament has a typical length of around 
2 J.lm and a diameter of 25 nm. As the diameter of the filament is well 
characterized, it can be employed as a reference sample for NOM imaging. 
Figure 8.1 shows a transmission electron micrograph of the filaments. For 
observation under c-mode NOM [10], the filaments have been separated from 
the body and fixed on a hydrophilized microscopic cover-glass substrate. 

150 nm 
Fig. 8.1. A transmission electron micrograph of t,he straight-type flagellar filaments 
of Salmonella. The diameter of a single filament, as indicated by the arrows, is 25 nm 

8.2.1 Imaging in Air 

The sample substrate was mounted on the prism surface of the system for 
c-mode NOM, as shown in Fig. 6.2, under s-polarized incident light with the 
electric field parallel to the sample surface. The probe used was fabricated 
by selective chemical etching and selective resin coating methods in order to 
form a protrusion extending from the metal-coated probe (see Sect. 3.4.1). 
The apex and foot diameters (d and dr, respectively) of the protrusion were 
10 nm and 30 nm, respectively. 

Figure 8.2 shows a perspective view of a segment of a flagellar filament 
obtained by c-mode NOM under the s-polarized incident light, i.e., its elec
tric vector is parallel to the sample surface. The scanning was done under 
constant-height mode. The montonously increasing optical near-field inten
sity (see Fig. 6.3) was used to set the initial height. In order to compensate 



8.2 Observation of Flagellar Filaments by c-Mode NOM 135 

'4 
k 

Fig. 8.2. NOM image of a flagellar filament with s-polarized incident light. The 
sample-probe separation was about 15 nm. The arrows at the top left-hand corner 
represent the direction of the wave vector k and the electric field E of the incident 
light. The full width at half-maximum of the bright region corresponding to the 
filament, as indicated by the arrows, is 50 nm 

for the effects of tilt in the substrate, the time constant of the servo loop has 
been carefully adjusted to follow only slow topographical variations. Since 
the response time of the controller was less than 0.1 s and the scanning fre
quency was 2 Hz, the feedback control does not respond to sample features 
smaller than 1 j.lm. This means that the NOM system is sufficiently sensitive 
to pick up high spatial frequency components of the optical near field in or
der to image the fine profile of the sample. The pixel size is 19 nmx 19 nm. 
The sample-probe separation was less than 15 nm, and was estimated in the 
following way. After finishing the scan, the probe was brought towards the 
sample by applying a voltage corresponding to a distance of 15 nm. At this 
position, when the scanning was repeated, we observed streaks in the image 
due to the probe scratching the sample surface. 

The bright region in this figure corresponds to the filament, and the 
full width at half-maximum of this region, as indicated by the arrows, is 
50 nm [10]. This value is comparable to that obtained using a transmission 
electron microscope, and indicates the high-resolution capability of the NOM 
system. This is essentially because of the size-dependent feature of the opti-
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cal near field (cf. Chaps. 2 and 7), and is due to selective detection of high 
spatial frequency components of the optical near field by the protruded-type 
probe. 

It should be noted that the pixel size of 19 nm in this experiment is larger 
than the size of the probe and almost comparable to the diameter of the 
filament. By reducing the pixel size, a much smaller value for the width, or 
a higher resolution, is expected. 

8.2.2 Imaging in Water 

In the case of biospecimens, it becomes necessary to conduct observations in 
a liquid environment, i.e., in the natural environment of the biospecimen. The 
c-mode NOM makes it easier to extend observation in a liquid environment 
owing to the inherent possibility of using the optical near-field intensity feed
back. The optical near-field intensity for constant-distance mode operation 
means that the probe is free from the strong viscous drag of the liquid, and 
hence is suitable for imaging the surface of a soft sample [11]. 

A flagellar filament sample fixed on a hydrophilized glass substrate was 
fitted with an acrylic ring. The ring had an inner diameter of 10 nm and a 
height of 2 nm. The ring was filled with water during the observation. The 
ring makes the surface of the water flat and its surface tension uniform over 
the whole surface. The probe was inserted into the water at a contact angle 
of 900 , allowing the probe to be immersed without bending. 

Figure 8.3 shows the image of the filaments obtained in water. The pixel 
size is 10 nmx 10 nm. During the scan, the sample-probe separation was 
estimated to be less than 30 nm. The bright segments represent fragments of 
the filament. The full width at half-maximum of the fragment, as indicated 
by the arrows, is 50 nm. On comparing this value with the nominal value 
estimated from TEM observations in vacuum, the difference is only around 
25 nm, which indicates the potential of NOM in conducting successful high
resolution observations in liquid. The reason for the difference is the difference 
in the surrounding conditions around the filaments. 

8.3 Observation of Subcellular Structures of Neurons by 
i-Mode NOM 

Surface information about neural interconnections such as synaptic contacts 
is important to our understanding of the mechanism of formation of neural 
interconnections. Figure 8.4 shows a schematic representation of a neuron, 
which consists of a cell body and neural processes. Inside a branching neural 
process, there are many microtubules made up of a protein called tubulin 
[14]. They are responsible for the transport of proteins and intercellular vesi
cles (packets of protein substances). The end of the neural process is called a 
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100 nm 

Fig. 8.3. Perspective view of the image of a filament in water obtained by c-mode 
NOM. The arrows top left represent the directions of wave-vector k and electric 
field vector E of the incident. light.. The full width at half-maximum of the bright 
region corresponding to the filament, as indicated by the arrows, is 50 nm 

growth cone, and it has a palm-like lamellipodium. Inside the growth cone, 
there are many tubulin and actin filaments forming a network-like struc
ture [15]. This growth cone is thought to be stretching itself to make connec
tions with other cells. Although an optical microscope makes it possible to 
perform studies on the growth cone [12], the resolution is limited to the order 
of wavelength. On the other hand, it is difficult to investigate a soft mem
brane with a contact-mode atomic force microscope owing to the presence of 
strong forces. 

As the neuron samples are relatively thick, it is difficult to image them by 
c-mode NOM. Also, when the specimens are stained with absorption dyes, 
large absorption will lead to very weak signals with c-mode NOM. In order 
to overcome these difficulties, the observation of neurons has been done with 
i-mode NOM [13]. 

8.3.1 Imaging in Air Under Shear-Force Feedback 

The neurons used here were taken from the tissue of the hippocampal region 
of the brain of a Wistar rat. The functions of this region are related t.o learning 
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B 

Tubulin&actin 
network 

Fig. 8.4. A schematic representation of a neuron with its cell body and neural 
processes. Areas A, B, C, and D were imaged, and are shown in Figs. 8.5, 8.6, 8.7, 
and 8.9, respectively 

and memory. After the neuron tissues had been cultured for 30 days, they 
were fixed with para-ph arm aldehyde (4%) and glutal aldehyde phosphate 
(2%) buffered saline solution and rinsed with distilled water. Finally, they 
were dried on a microscopic cover-glass substrate. We prepared two kinds of 
samples, one with a dye label (toludine blue) with an absorption band around 
600 nm wavelength, and one with dye. 

The probe used in the experiments is the same as the one shown in 
Fig. 3.23 with no protrusion and a foot diameter of less than 30 nm. 

8.3.1.1 Imaging of Neurons Without Dye Labeling 

Figure 8.5a shows the NOM image of a neural process obtained under 
constant-distance mode by shear-force feedback with a sample-probe sep
aration of around 40 nm. The filled arrows indicate the neural processes and 
the open arrow indicates the growth cone. The edges of the neural processes 
are seen with good contrast. 

Figure 8.5b shows a magnified view of the region of the flat lamellipodium 
as indicated by a square in Fig. 8.5a. During the scan, the sample-probe 
separation was less than 20 nm. The honeycomb-like structure seen in this 
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Fig. 8.5. a NOM image of an unlabelled neural process with extending growth 
cone. Filled arrows indicate the neural processes and the open arrow indicates the 
growth cone. b The magnified scan over the lamellipodium of the growth cone 
indicated by a square in a. The network like structure consisting of tubulin and 
actin filaments is formed during the drying of the sample 

figure is the network of cytoskeleton consisting of actin and tubulin filaments. 
The network-like structure was formed during the drying of the sample. 

8.3.1.2 Imaging of Neurons Labeled with Toluidine Blue 

Figure 8.6a shows the NOM image obtained from a neuron sample labeled 
with toluidine blue under a sample-probe separation of less than 50 nm. The 
filled arrows indicate neural processes and the open arrow indicates the cell 
body. The image shows enhanced contrast due to the presence of strong ab
sorption variations. Figures 8.6b and c show the simultaneously measured 
NOM image and shear-force topographic image, respectively, of the magni
fied view of the region indicated by the long arrow in the neural process in 
Fig. 8.6a. A sample-probe separation of less than 10 nm was maintained by 
shear-force feedback. In the NOM image of Fig. 8.6b, the fringe-like structures 
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is because the structures lie just underneath the cell membrane on the sur
face. Such an observation is possible owing to the accessibility of the optical 
near field. 

However, no clear structure could be seen in the shear-force topographic 
image in Fig. 8.6c because the shear force is sensed only by variations on the 
surface. Hence, NOM excludes the necessity of removing the cell membrane 
with detergent which is done to make observations with electron microscopy 
and atomic force microscopy. In other words, light could resolve structures 
which lie below the cell membrane. 

The fringe-like structures seen in Fig. 8.6b could be identified as micro
tubules because they are the main constituent cytoskeletal elements of the 
neural processes. The presence of microtubules has been confirmed by im
munohistochemical staining of tubulin with a confocal microscope (H. Tat
sumi, personal communication). The bright regions of different widths corre
spond to microtubules observed either in the form of bundles or as a single 
tube. The dark regions with a still smaller width, seen on either side of the 
bright regions, are voids between the microtubules. Figure 8.6d shows the 
cross-sectional optical near-field intensity variation across the bright region 
indicated by the line in Fig. 8.6b. Its full width at half-maximum is estimated 
to be 26 nrn, which agrees with the nominal diameter of 25 nm of a single 
microtubule measured by a scanning electron microscope [16]. This agree
ment demonstrates the high-resolution capability of the present NOM, which 
could be due to the field enhancement effects at the boundary between the 
dielectric and the metal coating of the probe [17]. 

8.3.2 Imaging in Water Under Optical Near-Field Intensity 
Feedback 

Neurons isolated from the brain cortex of a Wistar rat were fixed on a micro
scopic cover glass and cultured for 14 days. They were then chemically fixed 
with 4% paraph am aldehyde for 30 min, followed by washing three times in 
phosphate buffered solution (PBS). Prepared samples were stored in PBS at 
4°C to prevent the deterioration of the cells. The PBS was used during the 
actual observations in an aqueous environment. 

8.3.2.1 Imaging in Air 

An experimental set-up of i-mode NOM with optical near-field intensity feed
back was used (as shown in Fig. 6.8). A shear-force feedback scheme as il
lustrated in Fig. 6.4 was also included for qualitative comparison. Figure 8.7 
shows the NOM image of a section of the neural process corresponding to 
region C in Fig. 8.4 obtained under shear-force feedback. The long arrow 
indicates bundles of microtubules (neurofilaments) in the neural process. 

Figures 8.8a and b show images obtained under shear-force and opti
cal near-field intensity feedback, respectively, of the region indicated by a 
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Fig. 8.6. a NOM image of a neuron labeled with toluidine blue. The wide filled 
arrows indicate the neural process and the open arrow indicates the cell body. b, c 
NOM and shear-force topographic images respectively, of the region indicated by a 
long arrow in a. The fringe-like structures in b are microtubules. In the shear-force 
topographic image, the bright regions correspond to valleys and the dark regions 
correspond to hills. d The cross-sectional optical near-field intensity variation across 
the tube as indicated by the line in b 
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Fig. 8.7. NOM image of a neural process under shear-force feedback. The long 
arrow indicates bundles of microtubule filaments. The pixel size is 78 nm x 78 nm 

short arrow in Fig. 8.7. The arrows in Figs. 8.8a and b indicate bright re
gions which are due to large bundles of microtubules. The presence of mi
crotubules in neural processes has been confirmed by confocal microscopy of 
these neurons stained with monoclonal antibody for tubulin. The full width 
at half-maximum of the bundle is 70 nm, which is estimated from the one
dimensional intensity variation across the line in Fig. 8.8b. The results show 
that optical near-field intensity feedback could very well be used in sample
probe separation control of i-mode NOM to image the neuron sample. By 
this technique, the artifact problem arising from using shear-force feedback 
could also be avoided [20]. 

8.3.2.2 Imaging in PBS 

The sample plate was attached with a plastic ring so as to hold the liquid. The 
ring also makes the surface tension uniform all over the whole liquid surface. 
After the ring attached to the plate is placed over the parallel plate with a 



8.3 Observation of Subcellular Structures of Neurons by i-Mode NOM 143 

(a) 

-1J.lm 

(b) 

Fig. 8.8. NOM image of the region indicated by a short arrow in Fig. 8.7 under 
a shear-force feedback and b optical near-field intensity feedback. The pixel size 
is 39 nmx39 nm. A'TOIVS indicate the bundles of microtubulin present within the 
neural process. The full width at half-maximum of the bundle is 70 nm, which is 
estimated from the one-dimensional intensity variation across the line shown in b 

sandwich of index matching oil, scanning is performed in a constant-distance 
mode with optical near-field intensity feedback. 

Figure 8.9a shows the i-mode NOM image obtained by scanning region D 
in Fig. 8.4. A schematic trace of the image in a indicating the parts is shown 
in Fig. 8.9b. This region corresponds to the junction of the neural processes 
extending from the cell. The open arrows in these figures indicate two neural 
processes. These figures also show the junction which is indicated by a filled 
arrow. These results indicate that it is possible to operate the i-mode NOM 
under optical near-field intensity feedback for operation in liquid [21]. 
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(b) 
Fig. 8.9. a NOM image showing the junction of two neural processes extending 
from the cell which was obtained under optical near-field intensity feedback. The 
pixel size is 78 nm x 78 nm. Open a1TOWS indicate the neural processes, and the filled 
arrow indicates a jtmction. b A schematic trace of the image in a indicating the 
junction and the neural processes 

8.4 Imaging of Microtubules by c-Mode NOM 

The preparation of tubulin and the growth of microtubules was done by fol
lowing the technique ofValters et. al. [22]. The tubulin molecules were isolated 
from a fresh pig brain. Polymerized tubulin or microtubules were obtained 
from an assembly solution of 1 mg ml- 1 of tubulin in 20 mM (N-morpholino) 
ethanosulfonic acid, 80 mM NaCI, 1 mM ethylenebis (oxyethylenenitrilo) ter
raacetate, 0.5 mM MgCh, 0.36 mM GTP (guanosine 5'-triphosphate) of 
pH 6.4 after incubation at 37°C for 30 min. The stabilized structure was 
diluted to control the density of microtubules. The stabilized micro tubules 
were placed on a poly-lysine coated cover-glass substrate and wicked off after 
a few minutes. Figure 8.10 shows a transmission electron micrograph of the 
microtubule sample. The dark region in the middle of a strand corresponds to 
the microtubule and the bright regions on either side correspond to the metal 
coating done for observation. The width of the dark region, as indicated by 
the arrows, is 25 nm. 

The experimental set-up of c-mode NOM, as shown in Fig. 6.2, was 
used [23], where a shear-force feedback system was added to get a topographic 
image for comparison with the NOM image. The sample was mounted on the 
prism. The incident light was controlled by a half-wave plate to be s-polarized, 
i.e., its electric field vector is parallel to the sample surface. The probe used 
was fabricated by t.he selective chemical etching and selective resin coating 
methods, which is the same as that shown in Fig. 3.22. The protruded probe 
has an apex diameter d and a foot diameter dr of 10 nm and 30 nm, respec
tively. 
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Fig. 8.10. A t.ransmission electron micrograph of t.he microtubule sample 

Figure 8.lla shows a shear-force topographic image of a microtubule ob
tained by maintaining the sample-probe separation at approximately 5 nm. 
The long narrow bright structure corresponds to a microtubule, and the 
bright round structures correspond to protein aggregates. The height and 
the full width at half-maximum of the microtubule are 16 nm and 60 nm, 
respectively. Figure 8.11b shows the magnified NOM image of the rectangular 
region in Fig. 8.11a obtained under constant-height mode at a sample-probe 
separation of 30 nm without using shear-force feedback. The arrows indicate 
the directions of the propagation vector k and the electric field vector E. 
Both the microtubule and the protein aggregate appear darker with bright 
edges in Fig. 8.llb. In other words, the NOM image appears inverted and 
exhibits edge enhancement. This agrees with the results of the theory based 
on the optical extinction theorem [24]. The diameter of the microtubule was 
40 nm, which was as estimated from the full width at half-maximum at the 
position indicated by arrows in Fig. 8.11b. 

8.5 Imaging of Fluorescent-Labeled Biospecimens 

One of the major advantages of NOM over its contemporary scanning probe 
microscopes is the possibility of labeling the biological samples with some 
specific fluorescent dye and then performing fluorescence imaging. This sec-
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Fig. 8.11. a Shear-force topographic image of the microtubule (long and narrow) 
and protein aggregates (round), which appear white. b Magnified NOM image of 
the rectangular region in a taken under constant-height mode. The arrows top left 
indicate the directions of the propagation vector k and the electric field vector E. 
The full width at half-maximum of the dark line structure is approximat.ely 40 nm 
at the position indicated by the an'ows 

tion discusses the imaging of fluorescence from fibroblasts of cells taken from 
a normal rat kidney by using an i-mode NOM. 

The fibroblasts were obtained from the subcloned cell line of a normal rat 
kidney. The cell line was grown in Eagle's minimum essential medium (MEM), 
washed with concentrated H2S04 , warmed, dried, and then transferred to a 
cover-glass plate. After 24 h, the cell line was fixed with a 3% parapharmalde
hyde and PBS solution at 25°C for 30 min. After washing with 0.1% triton 
x-100 detergent, a hole was made in the surface lipid layer. The sample was 
placed in 0.2 M glysin for around 15 min to quench the fluorescence from 
the paraform. Next, the cell line was made to react with fluorescein (a dye 
emitting fluorescence at around a wavelength (>.) of 500 nm) attached to an 
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Fig. 8.12. A schematic representation of a fibroblast cell with a nucleus at the 
center and actin filaments extending radially. The square drawn in broken lines 
indicates the region in which the probe of the NOM was scanned 

anti-rabbit antibody which was taken from goat. During this step, blocking is 
done using a 10% goat serum/PBS in order to avoid nonspecific attachment 
of the antibodies. Finally, the cell line with specific labeling done for actin 
filaments is put in distilled water and rinsed for short periods in alcohol and 
acetic acid consecutively. 

Figure 8.12 shows a schematic representation of a fibroblast cell. There 
is a nucleus at the center with actin filaments radially extending over the 
cell. The square drawn in broken lines indicates the region in which the 
probe of the NOM was scanned. Fluorescence was detected using the photon 
counting method. The fluorescent dye-labeled fibroblast sample was mounted 
on the piezo stage of the i-mode NOM system with shear-force feedback for 
constant-distance mode. Light from an Ar+ laser through the probe was used 
for excitation. The fluorescent light emitted from the sample was collected 
by a microscopic objective lens and detected by an avalanche photodiode. 
A bandpass filter with a center at A = 550 nm and a notch filter, rejecting 
A = 488 nm (rejection factor = 1 x 10-6), were used for the efficient detection 
of fluorescence. 

Figure 8.13a and b show the simultaneously obtained shear-force topo
graphic image and the fluorescence intensity distribution, respectively. The 
bright streak indicated by an open arrow in Fig. 8.13b corresponds to the 
actin bundles. The filled arrows in the two figures show the places where 
clusters of dye are attached to the actin bundles. Information about the 
cellular dynamics are expected in the near future through improvements in 
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( a) 

(b) 

Fig. 8.13. a Shear-force topographic image and b the fluorescence intensity image 
obtained simultaneously across the region indicated by a square in Fig. 8.12. The 
open arrow indicates the actin bundles and the filled arrow indicates the clusters of 
dye attached to the actin bundle 

sample preparation and the system for conducting in vivo observations of the 
cell. 

8.6 Imaging DNA Molecules by Optical Near-Field 
Intensity Feedback 

DNA (deoxyribonucleic acid) molecules are the main constituents of the cells 
of a living organism for they contain all the information coded in the forma
tion of that organism [15]. The sample consists of double-stranded plasmid 
DNA with a ring structure (pUC18, 2868 base pairs) diluted in distilled water 
and fixed on an ultrasmooth sapphire surface. The ultrasmooth sapphire sur
face was used as the substrate because of its flatness and stability in air and 
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100 nm 
Fig. 8.14. An atomic force image of DNA on a sapphire substrate. The width of a 
single strand, as indicated by the arrows, is around 10 nm 

water [25]. Further surface height variations, as discussed in Ref. [26], can be 
controlled to within less than 1 nm, and the lateral widths of the terraces of 
the steps could also be adjusted. As the ultrasmooth sapphire surface itself is 
hydrophobic, it is necessary to make it hydrophilic for a stronger adsorption 
of DNA to the surface. This was done by treating the surface with sodium 
diphosphate for few minutes and then washing in distilled water. The con
centration of the DNA solution was 5 ng J.ll- 1, and a quantity of 2 J.ll was 
dispersed on the surface and blown dry with compressed air. 

The DNA filaments on the surface are in the form of either a single strand 
or a coiled loop of length around 400 nm. The width is around 2-4 nm and 
the height is around 4 nm. Figure 8.14 shows the image of DNA on the 
ultrasmooth sapphire surface obtained using a noncontact-mode atomic force 
microscope. The observed width of a single strand, as indicated by the arrows, 
is estimated to be around 10 nm. 
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100 nm 

Fig. 8.15. c-mode NOM image of DNA obtained under constant-distance mode 
with optical near-field intensity as the control signal. The filled short arrow indicates 
a single strand and the filled long arl"ow indicates a coiled loop of DNA. The full 
width at half-maximum of the bright strand, as indicated by the open arrows, is 
around 20 nm. The arrows at the top left-hand corner of the figure indicate the 
propagation k and electric field E vectors of the incident light 

The experimental system of c-mode NOM shown in Fig. 6.2 was used 
to image the DNA sample. The DNA sample is mounted on the prism and 
the highly localized optical near field is picked up by the probe. The probe 
used in this experiment is optimized to have both high sensitivity and high 
resolution. The probe is pencil-shaped, which is produced by etching (see 
Sect. 3.4.1) and made to have a very small nanometric protrusion with a thin 
layer of silver coating at its apex to enhance the sensitivity. Figure 8.15 shows 
the NOM image under constant-distance mode obtained by optical near-field 
intensity feedback. The pixel size is 5 nmx5 nm. Arrows at the top left-hand 
corner of the figure indicate the propagation k and electric field E vectors 
of the incident light. Both single strands (indicated by a filled short arrow) 
and coiled loops (indicated by a filled long arrow) of DNA could be observed 
in this figure. As seen, the individual strands are clearly resolved to have 
a full width at half-maximum of around 20 nm, as indicated by the open 
arrows. This high-resolution imaging of a DNA strand is attributed to the 
efficient pick-up of the high-frequency components of the optical near field by 
the probe. Recently, by improving the performance of our NOM system, the 
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observed width of a single strand has been reduced to 4 nm when the pixel 
size was 2 nm x 2 nm. Details of this result will be published elsewhere. 
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Chapter 9 

Diagnosing Selnicond uctor N ano-Materials 
and Devices 

9.1 Fundamental Aspects of Near-Field Study of 
Semiconductors 

9.1.1 Near-Field Spectroscopy of Semiconductors 

In this chapter, we describe the near-field photoluminescence (PL) spec
troscopy of semiconductor micro/nano structures fabricated on opaque sub
strates. In such experiments, several specific techniques are necessary com
pared with the standard measurements shown in other chapters, from the 
viewpoints of probe structures, optical configurations, signal detections, and 
so on. In particular, the protruded probe (see Sect. 4.1 and Fig. 4.1) with a 
small foot diameter is not suitable for such measurements from the aspects 
of sensitivity and contrast. To date, even without high resolution, the exper
imental results obtained with an apertured probe (see Fig. 4.1) have been 
much more informative than data obtained using a protruded probe. Almost 
all the experiments in this chapter were performed using an apertured probe 
with foot diameters, dr, from 100 nm to 1 j.tm. 

Near-field optical techniques have made a remarkable contribution to 
imaging and spectroscopy in the diagnostics of semiconductor devices, in
cluding laser diodes, photodetectors, and light emitting diodes [1-7]. In the 
study of semiconductors, the near-field optical microscope (NOM) has been 
employed in two different ways. First, spatially resolved spectroscopy has been 
successfully implemented to determine the optical structures and responses 
of photonic devices and materials, tracing their surface topography [8-18]. 
Second, NOM can be used as a probe for local excitation and collection to 
achieve single particle spectroscopy, i.e., the observation of individual PL 
spectra of inhomogeneously broadened systems such as the islands of quan
tum wells [19], quantum wires [20-22] and quantum dots [23-25]. 

Recent rapid progress with pulsed laser sources and photodetectors [26] 
enables us to combine the near-field method with conventional time-resolved 
spectroscopy or nonlinear spectroscopy [27-31]. These techniques provide 
physical insights into the ultrafast dynamic processes of excited carriers and 
elemental excitations. Furthermore, in the last few years, NOM operation at 
low temperature has been an indispensable technique for the fundamental 
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© Springer-Verlag Tokyo 1998
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investigation and understanding of the intrinsic optical properties of semi
conductors [32-35]. 

In these advanced experiments, we encounter serious problems which are 
particular to the optical investigation of semiconductors. One of the prob
lems is concerned with the conversion of electromagnetic modes generated 
by a small aperture. Since semiconductors have large refractive indices, the 
evanescent modes are easily coupled into the propagating modes due to the 
interaction with semiconductor surfaces. This conversion results in reduced 
NOM resolving power. In order to retain the evanescent modes in the opti
cally dense semiconductors, de should be much smaller than the wavelength 
of the excitation light, which causes low excitation efficiency. The diffusion of 
photoexcited carriers brings about another problem. In the detection of PL 
images and spectra, an illumination-collection hybrid mode is an essential 
technique in order to prevent the deterioration of the resolution, which is 
determined by the carrier diffusion length. 

9.1.2 Optical Near Field Generated by a Small Aperture and Its 
Interaction with Semiconductors 

The modal analysis based on Fourier optics reveals that the optical field 
through a small aperture is composed of propagating modes and evanescent 
modes [36]. Such a mode distribution in tangential wavevector kll (a compo
nent projected onto the flat aperture plane) space is illustrated in Fig. 9.1. 
The degree of occupation in the evanescent modes, which is characterized by 
the cutoff wavevector (kc ) of the distribution, is determined by dr and the 
refractive index n of the circumstance. When the probe is placed in the free 
space, the modes with kll smaller than ko (=27r/A) can propagate in the di
rection of ¢;, where ¢; is determined by ko sin ¢;=kll. On the other hand, when 
kll is larger than ko, such modes with pure imaginary ¢; cannot propagate 
into the free space and then behave as evanescent modes, which localize near 
the probe. 

Since typical semiconductors, such as Si and GaAs, have large refractive 
indices of around n=3.5-4, the near-field profile from the probe is largely 
modified in the proximity of the sample. When the probe is positioned close 
to the semiconductor surface, some of the evanescent modes present in the 
region kll<nko are coupled into propagating modes in the material, and only 
some of the modes in kll >nko remains evanescent. In the spectroscopy of semi
conductors, d J should be carefully chosen to obtain high resolution beyond 
the diffraction limit [37, 38]. 

To characterize the optical field through the probe, a near-field photocur
rent (PC) technique has frequently been employed [37-39]. For a photode
tector of near-field light, we use a lateral p-n junction with a design (inset 
in Fig. 9.2) which is described in detail in Sect. 9.2.1. Figure 9.2 shows the 
near-field PC line scans in the vicinity of the p-n junction. The dependence 
of the resolution on de can clearly be seen. When de is equal to 200 nm, the 
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Fig. 9.1. Density of optical modes versus tangential wavevector in the plane of the 
aperture 

signal width of 1.6 /Jm is much larger than df. Since the penetration depth 
of the excitation light (A=830 nm) is about 1 /Jm, such a poor resolution 
originates from the propagation of light into the crystal and the resultant ab
sorption at the p-n interface. On the other hand, in the case of df=100 nm, 
much narrower profiles, with a width of 0.6 /Jm, are obtained compared with 
those at df=200 nm. This comparison demonstrates that a large part of the 
excitation light through the probe with df=100 nm remains evanescent in the 
GaAs. Even in this case, however, the p-n junction is not imaged with the 
resolution determined by df. The diffusion of photoexcited carriers reduces 
the resolving power of NOM. 

The bottom line scan in Fig. 9.2 shows the case of df=200 nm with 
A=488 nm excitation. Almost the same resolution as that with df=100 nm 
and 830 nm excitation is achieved even by using such a large df. In this 
case, although all the light through the probe couples into the propagating 
modes, the shallow penetration depth of 80 nm due to the strong absorption 
contributes to the local excitation being equal to the evanescent excitation. 

The probe-size-dependent feature of evanescent modes can be demon
strated from another aspect: determination of the decay length of the optical 
near field in the vertical direction [40, 41]. By measuring the PC intensity 
as a function of sample-probe separation z, we obtain the separate contribu
tions of the evanescent modes and propagating modes to the near-field profile 
transmitted through the probe. Measurements with df=100, 150, and 200 nm 
are shown in Fig. 9.3a. Compared with df=150 and 200 nm, the signal with 
dj=100 nm rises abruptly in· the proximity of the sample surface. These re
sults reflect the difference in evanescent mode occupancies for each probe; 
when df is small, the modes with larger kll are occupied and the resultant 
decay length of the signal becomes shorter. To estimate the contribution ra
tio of the evanescent modes to the propagating modes for df=100 nm, the 
position dependence of the decay length of the PC signal is measured, as 
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Fig. 9.2. Near-field photo current line scans using probes with df=100 and 200 nm 
at an excitation wavelength of A=830 nm. The bottom line scan is the result of the 
measurement with df=200 nm and A=488 nm excitation 

shown in Fig. 9.3b. When the probe is positioned beside the active region 
(x=±O.5 JLm), only the propagating modes generate the signal. When it is 
put just above the p-n junction (x=O JLm), on the other hand, not only the 
propagating modes but also the evanescent modes give rise to the PC. The 
significant difference in the signal behavior around z ...... O nm reveals the con
tribution of the evanescent modes at x=O JLm. Such a remarkable difference 
is not observed at the same measurement for dr=150 and 200 nm. 

Based on these experimental data, it is concluded that in order to gener
ate evanescent modes in GaAs, dr should be smaller than 100 nm. This result 
is interpreted as indicating that the critical dr to achieve evanescent excita
tion for semiconductors is less than half of the wavelength in the material: 
dr<>./2n. Since this criterion is transferred to rr:/dr<nko, it can be said that 
the cutoff wavevector of the evanescent distribution lies at rr:/dr (a similar 
conclusion appears in Ref. [37]). The dependence on the spread angle of the 
beam for propagating modes into GaAs on the excitation wavelength also 
supports this consideration, which is discussed in Sect. 9.2.5. 

9.1.3 Operatioll ill Illumillatioll-Collectioll Hybrid Mode 

In common with PL measurements in semiconductors, one very serious prob
lem is the deterioration of spatial resolution due to the diffusion of pho-
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Fig. 9.3. a Near-field photocurrent intensity as a function of sample-probe sepa
ration for various df. b Similar plots for df=100 nm at the positions indicated in 
the inset 

toexcited carriers prior to recombination. As well as the i-mode operation 
of NOM, there are several methods for local excitation of carriers in the 
region <100 nm: local electron injection methods, such as a high-energy elec
tron beam from a scanning electron microscope (cathodoluminescence), and 
low-energy electron injection through a scanning tunneling microscope tip 
(tunneling luminescence). In the local excitation methods, however, we fre
quently encounter the situation where the photoexcited or injected carriers 
can migrate into the extended region (typically in the order of 1 I'm) before 
recombination, depending on their diffusion coefficients and lifetime. In such 
a case, the spatial resolution is limited by the diffusion area as long as the PL 
signal is collected by a lens in the far-field configuration (Fig. 9.4). The only 
way to overcome this difficulty is the near-field collection of the PL signal 
through the probe, as illustrated in Fig. 9.4, where a resolution as small as 
de can be expected. (High resolution much smaller than de has been obtained 
in some cases as shown in Sect. 9.3.) Although the low collection efficiency 
of the probe has frequently been pointed out, recent progress in the design 
and fabrication of probes [42-46], as described in Chapt. 4, can provide us 
with very advanced measurements in illumination-collection hybrid mode. 
A theoretical understanding of the mechanism of near-field collection is also 
important to improve the resolution and detection efficiency. 
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Fig. 9.4. Illustration for a comparison between the illumination mode with far-field 
collection and the illumination-collection hybrid mode 

9.2 Multidiagnostics of Lateral p-n Junctions 

9.2.1 Sample and Experimental Set-up 

A lateral p-n junction is a novel device which is expected to be applied 
to the carrier confinement structure of a surface-emitting diode, the active 
regions in lasers, and so on [47-50]. Moreover, the one-step formation of 
such structures on a patterned substrate is a promising process which is 
damage-free compared with the etching and overgrowth procedures. This 
section is devoted to the multidiagnostics of GaAs lateral p-n junctions for 
both the analysis of new devices and to demonstrate the ability of the near
field spectroscopy in semiconductors. 

The conduction type of GaAs layers with Si dopant depends on the growth 
conditions and the orientation of the substrate. By using the amphoteric na
ture of Si, both n- and p-type regions can be grown simultaneously on a 
patterned substrate, and lateral p-n junctions are formed at the boundary of 
the two regions. Figure 9.5 shows a schematic representation of such a struc
ture, defining upper and lower junctions. The luminescence peak wavelength 
strongly depends on the conduction type and the carrier concentration of 
GaAs layers. By measuring the PL spectra with high spatial resolution, we 
can precisely examine the carrier distriblltion in the transition region of a 
p-n junction. 

The fabrication procedure of the sample is described in detail in Ref. [47], 
and we show it briefly here. A semi-insulating GaAs (111)A substrate is 
etched with a photolithography technique to obtain a triangular (111)A sur
face surrounded by three (3U)A slopes. After thermal cleaning, a Si-doped 
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Fig. 9.5. Cross-sectional profile of lateral p-n junctions grown on a patterned GaAs 
(111)A substrate 

GaAs layer with a thickness of 1 pm is grown on the patterned substrate at 
600°C. The Si concentration is estimated as 1 x 1018 cm- 2. 

Schematic diagrams of the experimental set-up for the multidiagnostics of 
p-njunctions are shown in Fig. 9.6 [41]. PL spectra, integrated PL intensity, 
electroluminescence (EL) intensity, and PC spectroscopy can be obtained by 
employing the configurations in Fig. 9.6a-d, respectively. Simply by changing 
the connections, all the measurements can be performed consecutively on 
the same area of the sample. Details of each measurement are described in 
the following subsections. We use a double-tapered probe metallized with 
gold 200 nm thick [42]. Its typical dr is around 200 nm. The throughput is 
estimated as 1.0 x 10-3 by collecting the far-field output light from the probe 
with a 0.4 NA objective lens. For the regulation of tip-sample distance, the 
shear-force feedback technique is employed. To monitor the amplitude of the 
vibration, we use a 1.55-pm laser diode, whose photon energy is far below the 
absorption edge of GaAs. By positioning the tip <10 nm above the sample, 
near-field excitation and collection can be realized. 

Figure 9.7 shows a shear-force topographic image of the sample in the 
vicinity of the slope. The width and height of the slope are approximately 
10 pm and 6 pm, respectively. From the top surface to the slope, some bumps, 
which may be produced in the etching process of the substrates, appears. 

9.2.2 Spatially Resolved Photoluminescence Spectroscopy 

In order to determine the position and local optical properties of the transi
tion regions of p-n junctions, spatially resolved measurements of PL spectra 
are investigated in illumination-mode operation [11]. A schematic diagram 
of the experimental set-up for PL spectroscopy is shown in Fig. 9.6a. As an 
excitation light source, 0.5 m W of He-Ne laser (>.=632.8 nm) is coupled into 
the fiber probe. By controlling the probe in close proximity to the sample, 
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Fig. 9.6. Block diagrams of the measurements for a photoluminescence spectra, 
b integrated photoluminescence intensity, c electroluminescence intensity, and d 
photocurrent spectroscopy 

Fig. 9.7. Perspective view of a topographic image in the vicinity of the slope 
including upper and lower junctions. The image size is 15 I-'m x 15 pm 
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the excitation region is restricted to -100 nm x 100 nm in area and 200 nm 
in depth, which are determined by de and the penetration depth of GaAs. PL 
from the sample was collected on the same side of the sample with a 0.4 NA 
objective lens, and transported to a 20-cm monochromator with an avalanche 
photo diode for photon counting detection. 

Normalized PL spectra at some characteristic points on the slope are 
shown in Fig. 9.8. The peak wavelength at the top surface (position A in the 
insert in Fig. 9.8) and at the bottom surface (E) shows the same value of 
870 nm. This peak wavelength corresponds to that of a flat (111)A surface 
with the same Si concentration. Its conduction type (p-type) is confirmed 
by the measurement of capacitance-voltage (C-V) characteristics. On the 
(311)A slope (C), the emission peak shifts to the higher energy side. Its value 
of 855 nm is also in agreement with that of the n-type flat (100)A surface 
investigated previously. In the transition region (B and D), where the con
duction type and carrier concentration gradually change, the emission peaks 
lie at intermediate values. To examine the transition region more precisely in 
relation to the sample structure, in Fig. 9.9, we plot the emission peak and 
the total intensity along the slope. 

750 800 850 900 
Wavelength (nm) 

950 

Fig. 9.S. Normalized photoluminescence spectra at some points in the vicinity of 
the slope. The inset shows the cross-sectional view of the p-n junctions indicating 
the measuring points (A-E) 

A variety of features are observed in the transition region of p-n junc
tions. At the lower junction, the emission peak shows graded changes with 
a transition width of 5 /Jm. Since the conduction type and carrier concen-
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tration vary with the tilt angle of the substrate from the (ll1)A surface, 
the transition width is closely relevant to the structure of the junction. The 
gradual change in the tilt angle at lower the junction, as shown in Fig. 9.9a, 
causes the wide transition width of the carrier concentration. At the upper 
junction, on the other hand, the top surface and the slope make a clear ridge. 
This abrupt change results in the narrower transition width of 1 I'm. From 
the fast rise of the emission peak at the upper junction, it is confirmed that 
we attain a spatial resolution of <400 nm. Such a resolution is determined 
rather by the diffusion length of the photoexcited carriers than by de. Care
fully comparing the spectral change with the topographic image, it can be 
found that the transition region is formed on the slope, not at the ridge. So 
far, to explain the results of C-V measurements [49], it has been inferred 
that the modulation of carrier concentration occurs on the sloping side of 
the intersection. This has been supported by cathodoluminescence measure
ments with the resolution of around 1 I'm. We have determined the position 
of the boundary with higher resolution through the accurate correspondence 
between the surface structure and the optical response. 

6 
E 
2: 4 

4 

2 

o 0 5 10 
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Fig. 9.9. a Cross-sectional view of the slope and plots of b emission peak, and c 
emission intensity 
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9.2.3 Two-Dimensional Mapping of Photoluminescence Intensity 

As is clearly shown in Fig. 9.9, the total emission intensity in the transition 
region is much lower than in the other regions. This is mainly due to the sep
aration and drift of photoexcited electrons and holes by the internal electric 
field in the transition regions. From the slow rises of emission intensity on the 
p- and n-side, the width of depletion layers can be estimated quantitatively. 
In the lower junction, some anomalous optical structures, such as a plateau 
in the changes in the emission peak and an increase of emission intensity, are 
observed, as indicated by the arrows in Fig. 9.9. It is important to investigate 
these local optical properties in the vicinity of the junctions in detail, since 
the distribution of defects and strains, and the nonuniformity of dopants in 
this active region, will affect the emission efficiency as a light emitting device. 

To measure the two-dimensional distribution of the PL intensity, an oper
ation is performed in illumination-collection hybrid mode [11]. In this mode, 
as the probe locally collects the emission in addition to being a local ex
citation source, we can achieve higher resolution «200 nm) which is not 
affected by the carrier diffusion. Figure 9.10 shows the PL intensity image in 
the same scanning area as the corresponding topographic image in Fig. 9.7. 
In this measurement, the maximum and minimum counting rates are 2 x 104 

and 1 x 104 counts/s, respectively. In the transition region, as shown previ
ously, the emission intensity decreases considerably, compared with the other 
regions. Some bright areas, where the emission intensity increases locally, 
appear in the lower junction. These signals indicate essentially optical prop
erties, since no correlation is found in the topographic image. A nonuniform 
distribution of Si dopants and of the resultant internal electric field, or that 
of defects and strains, will affect the local optical responses. Although, in 
this examination, we cannot specify the origin of these signal behaviors, fur
ther experiments will provide valuable insights into the dynamics of induced 
carners. 

9.2.4 Collection-Mode Imaging of Electroluminescence 

In the operation of the lateral p-n junction as the surface emitting diode, 
the quality of EL is the most important feature. Moreover, a precise determi
nation of the light emission section is necessary for the design of the active 
region in a transverse junction stripe laser. The collection-mode imaging of 
EL is used to study the local properties of active regions and to compare to 
them with those of the transition regions investigated in Sect. 9.2.2 [18]. 

A schematic diagram of collection-mode detection of EL from the lower 
junction is shown in Fig. 9.6c. Electrodes are deposited on the sample surface 
for the injection of carriers. The emitted light is collected through the probe 
in the near-field region and transported to the avalanche photodiode. 

Figure 9.11a shows the EL image of the lower junction together with its 
topographic image. The light emission is observed at the foot of the slope in 
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Fig. 9.10. Perspective view of a photoluminescence intensity image in illumination
collection hybrid mode. The scanning section is the same as that of the topographic 
image in Fig. 9.7 

a straight line. The cross-sectional profiles of the emission signal are shown 
in Fig 9.11b for both the lower junction and the upper one, together with the 
height of the surface. The shaded areas indicate the transition region of lower 
and upper junctions as determined by the spatially resolved spectroscopy 
detailed in Sect. 9.2.2. The peak position of the EL from each junction is 
located on the p-type side of the corresponding transition region. 

The difference in the incorporation behavior of Si in GaAs on different 
surfaces can be understood in terms of surface bonds. On the (111)A surface, 
there are only single dangling-bond sites, while the (311)A surface consists 
of alternate single and double dangling-bond sites, which are (111)A-like and 
{lOO)-like bond sites, respectively. The conduction type is governed by the 
competition of the Si incorporation mechanisms between the (111)A and 
(100) type, in which Si occupies the Ga site or the As site, respectively. The 
result that the lower junction is formed on the almost (l11)A surface shows 
that the incorporation of Si in the Ga site is much more dominant on the 
non-{ 111)A surface, although almost all the Si is incorporated in As sites once 
the (111)A surface is attained. This observation of switching was realized for 
the first time as a result of the high spatial resolution of the detection system. 

Moreover, the width of the EL region for both junctions is 1.1 p,m. This 
result implies that the competition between the two incorporation mecha
nisms takes place at both junctions in the same manner, in spite of the large 
difference in the widths of the transition regions obtained from the PL mea
surements. 

9.2.5 Multiwavelength Photocurrellt Spectroscopy 

So far, the near-field technique has been employed for the observation of mi
cro/nano structures on the surface or thin materials. In the study of bulk de-
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Fig. 9.11. a Topographic image of the lower junction (top) and its corresponding 
two-dimensional distribution of elect.raluminescence intensity (bottom). The image 
size is 15 J-Imx8 J-Im. b Cross sect.ion of the slope and electroluminescence line scans 
at the upper and lower jtmctions. The shaded areas indicate the transition regions 
determined in Fig. 9.9 

vices, however, their internal optical and transport properties should also be 
examined in detail. For this purpose, near-field PC measurement with propa
gating modes into the sample is expected to make an important contribution. 
Although propagating modes do not have any resolving power, tomographic 
information of the material investigated can be obtained by systematically 
varying the optical penetration depth over a wide range [38]. 

A block diagram of near-field PC measurement is shown in Fig. 9.6d. 
As multiwavelength light sources, an Ar+ laser (,A=488 nm), a He-Ne laser 
(,A=633 nm) and a Ti :sapphire laser (,A=780 and 830 nm) are coupled into 
the probe. By using these lights, the optical penetration depths in GaAs 
can be tuned in a wide range from 80 nm to 1.0 pm. The PC induced by 
the light through the probe is collected at electrodes and amplified with a 
current injection preamplifier. The PC signal is synchronously detected with 
a lock-in amplifier. 

As already mentioned in Sect. 9.1.2, the interaction between the evanes
cent modes and the large refractive index semiconductor plays an important 
role in the generation of propagating modes into the sample. In free space, 
if dr<,A/2, there is a dominant occupation of the evanescent modes in the 
region kll>ko. When the probe is positioned close to the optically dense ma
terial (refractive index n) , part of the evanescent modes present in the region 
kll<nko are coupled into propagation modes in the material. In the case of 
dr=200 nm and n=3.5 (refractive index of GaAs), almost all the evanescent 
modes are coupled into propagating ones for the entire wavelength range 
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(A=488-830 nm), where 7r Jdr<nko. The beam spread angle of the light prop
agating into GaAs (shown as f in Fig. 9.14) is finally determined by dr. 

Near-field PC images at the excitation wavelengths of 488 and 830 nm are 
shown with a topographic image in Fig. 9.12. Uniformity of PC intensity is 
observed along the p-n active region. The full widths at half-maximum of the 
PC signal profile are 0.6 and 1.7 J1.m at A=488 and 830 nm, respectively. The 
increase in penetration depth results in a decrease in the resolving power. Fig
ure 9.13 shows the cross-sectional profiles of PC intensities on a logarithmic 
scale. At the excitation wavelength of 488 nm, owing to the shallow pene
tration depth of 80 nm, the resolution is determined by dr and the diffusion 
length of photoexcited carriers. The different diffusion lengths of electrons 
and holes can be observed through the slower rise of the signal in the p
region than in the n-region. Moreover, on increasing the penetration depth, 
the decay length becomes longer and the asymmetric behavior reverses. We 
believe that the longer decay length in the n-region than in t.he p-region at 
larger penetration depth can be explained by the slant of the p-n interface 
(shown as (J in Fig. 9.14). 

•• 
(b) 

(a) 

(c) 

Fig. 9.12. a Topographic image of the lower junction and b the near-field pho
tocurrent image at. excitation wavelength '\=488 nm and c '\=830 nm. The image 
size is 5 /-1m x 10 /-1m 

Here, we make a.n analysis of the asymmetric signal behavior using a one
dimensional model, as shown in Fig. 9.14. The fitting parameters are the slant 
angle of the p- n interface 8 and the beam spread angle cP . Since the detailed 
procedure of this analysis is described in Ref. [38], we only show the results 
here. As plotted in Fig. 9.14, the experimental curves are perfectly fitted by 
the numerical analysis. From this calculation, we obtain the slant angle of 
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Fig. 9.13. Cross-sectional profiles of the near-field photocurrent at excitation wave
lengths (a) '\=488 nm, (b) '\=633 nm, (c) .\=780 nm, and (d) '\=830 nm. The 
symbols correspond to the results of calculations with the fitting parameters being 
(J =15°, </>=27° (b), </>=30° (c), </>=40° (d) 

the p-n interface, 8=15 ± 8°, and the beam spread, tP, for each excitation 
wavelength. 

A total slant of the p-n interface of 30 ± 8° to the p-side, which is the sum 
of the observed slant angle 8 of 15±8° and the intended tilt angle of 15° in the 
experimental set-up, can be explained by the crystal orientation dependence 
of the growth nature. The most significant origin is that the growth rate of 
GaAs on (3l1)A is faster than that of (l11)A, which causes a shift of the 
n-type region to the p-side during growth. Other factors are also examined, 
taking into account the experimental results on PL and EL measurements. 

The wavelength-dependent feature of the beam spread angle tP also gives 
us important information on the mode conversion of the evanescent light. 
Figure 9.15 shows a plot of tP as a function of the wavelength of propagating 
light. The tangential wavevector of the propagating light, which is determined 
by the spread angle tP, should be equal to the cutoff wavevector of the diffrac
tion spectrum of the aperture; nko sin tP=kc. The fitted curve in Fig. 9.15 is 
obtained by assuming that kc lies at 7r / dr. This estimation of kc is consistent 
with the result obtained in Sect. 9.1.2 where kc is determined by the critical 
value of dr needed to achieve near-field resolution. 

Finally, as an application of near-field PC measurement, we show an anal
ysis of the Si p-n structure incorporated into an integrated circuit device chip. 
Due to the small absorption coefficient of Si compared with GaAs, PC detec-
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Fig. 9.14. Schematic diagram of the slanting p-n interface and light propagating 
into the GaAs. Lp and Ln are the diffusion lengths of electrons in the p region and 
holes in the n region, respectively. The slant angle 8 and the beam spread angle 4> 
are the fitting parameters in the calculations 

Fig. 9.15. Plots of the beam spread angle as a function of wavelength. The curve 
is obtained by assuming that the cutoff wavevector lies at 'Trldt . dt=200 nm and 
n=3.5 
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tion of the Si p-n junction seems to be rather difficult. Fukuda et aI. obtained 
near-field PC images with different Ar+ laser lines, as shown in Fig. 9.16. The 
penetration depths corresponding to 457.9 nm and 514.5 nm excitation are 
280 nm and 690 nm, respectively. Reflecting these values, the PC signal pro
files are largely different. The asymmetry behavior of the profile originates 
from the difference in diffusion lengths of electron and holes, which are esti
mated as 830 nm and 530 nm, respectively, from the analysis of the profile. 

o 1000 2000 3000 4000 5000 6000 
Position x (nm) 

Fig. 9.16. Cross-sectional profile of the near-field photo current at excitation wave
lengths '\=457.9 nm and ,\=514.5 Dm. The inset shows a schematic diagram of the 
sample investigated 

9.3 Low-Temperature Single Quantum Dot 
Spectroscopy 

9.3.1 Near-field single quantum dot spectroscopy 

With the progress of fabrication techniques for self-assembled quantum dots 
(QDs), unique features of semiconductor nanostructures have received in
creasing attention in the last few years. One of the most attractive properties 
of a zero-dimensional confined structure is a narrow, strong optical transition 
due to its atomic-like discrete density of state, which is favorabl. for opto
electronic devices such as laser~ with low threshold current density [51]. PL 
spectroscopy is the most common way to gain information on the electronic 
structures and relaxation processes of photoexcited carriers in QDs. Single 
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QD spectroscopy is essential for the precise evaluation of the intrinsic ca
pability of QDs since the conventional far-field studies measure ensembles of 
dots with size and shape fluctuations, which result in in homogeneously broad
ened spectral features. In order to realize single QD spectroscopy, therefore, 
we should restrict the observation area by applying novel microscopic tech
niques. As a powerful tool for such single particle observation, in this section, 
we describe low-temperature near-field spectroscopy of a single QD. 

Here we survey several techniques for single QD PL spectroscopy. The first 
method is to use local electron injection methods such as cathodolumines
cence [52, 53] and tunneling luminescence [54, 55]. As the injected electrons 
or generated electron-hole pairs can diffuse prior to recombination, the spa
tial resolution is limited by the diffusion area as long as the PL signal is 
collected by a lens in the far-field configuration. The second method is to 
use micro-PL techniques, where the observation area is reduced by employ
ing micro fabrication techniques, such as fabrication of mesa structures [56] 
and a metal mask with small windows [57-59]. In the metal-mask method, 
since the PL signal is also collected through the window, we can achieve the 
spatial resolution determined by the window size free from the carrier diffu
sion effect. Recently, the metal-mask technique has been the most successful 
way to realize single QD spectroscopy. Its only disadvantage is lack of the 
scanning ability of the metal mask. Compared with these conventional tech
niques, NOM has achieved both merits simultaneously, that is, high spatial 
resolution and scanning ability. This is because the near-field probe operating 
in illumination-collection hybrid mode can be considered as a scanning mask 
with a small aperture. 

9.3.2 Low-Temperature NOM 

The schematics of low-temperature NOM [32-35] are shown in Fig. 9.17. 
The head is composed of a fiber probe with a dither piezo, its coarse ap
proach mechanism, and a sample scanner. Since we successfully utilize the 
illumination-collection hybrid mode operation, the structure of the head is 
very simple, and has no far-field illumination or collection lenses. It is de
signed to fit in a continuous He gas flow optical cryostat. For the coarse 
approach of the probe to the sample surface, a stable translation stage is 
employed in combination with a high-resolution stepping motor. A sample is 
mounted on a piezotube of dimensions 70 mm length and 10 mm diameter, 
which allows for a scan range of 4 ttmx4 ttm at 5 K. For the shear force 
measurement, both the illumination of the laser diode (A=1.55 ttm) and the 
detection of transmitted (or reflected) light by the photodiode are performed 
through the two optical windows of the cryostat. 
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Fig. 9.17. Diagram of the mechanical set-up of low temperature NOM in a cryostat 

9.3.3 Sample and Experimental Set-up 

Figure 9.18 shows a schematic representation of the QD sample structure and 
the experimental configuration. Ino.5Gao.5As self-assembled QDs are grown 
on (100) GaAs substrate by gas-source molecular beam epitaxy with a density 
of 5 x 109-1 X 1010 dots/cm2 [60]. Typical dot diameters of around 30 nm 
and heights of 15 nm are observed with an atomic force microscope. These 
QDs are covered with cap layers composed of GaAs and AIGaAs with total 
thickness of 80 nm. The wide gap layers of AIGaAs are introduced in order 
to prevent carrier leakage from the GaAs layer to the substrate or surface. 

We employ a chemically etched fiber probe with a flat aperture of 
dr=500 nm, which is around a half of the PL wavelength of QDs. The shape 
of the tapered part is optimized to attain high sensitivity, as mentioned in 
Sect. 4.3. The QD sample on the scanning piezotube is illuminated with a 
He-Ne laser light (A=633 nm) through the probe in close proximity to the 
surface. Carriers are generated not only in the InGaAs QDs, but also in the 
barrier layers of GaAs and AIGaAs. Most of the photoexcited carriers mi
grate in the barrier layers and are captured by the confined states of QDs. In 
order to achieve a high spatial resolution free from carrier diffusion effects, 
the resultant PL signal is collected by the same probe. In the case of signal 
collection through the probe, the resolution is determined by the various fac
tors of the probe rather than dr, as is detailed in the following subsection. 
After rejecting the excitation light with a long pass filter, the signal is focused 
into a 50-cm monochromator and is detected by a cooled photomultiplier tube 
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Fig. 9.18. Schematic representation of a sample structure, optical near-field con
figuration, and block diagram of the measurement 

(Hamamatsu R5509-41, <10 dark counts/s, 0.2-1 % quantum efficiency at the 
detection wavelength of 0.92-1.0 J.lm) using the photon counting technique. 
All the measurements are performed at 5-10 K in the cryostat. 

9.3.4 Fundamental Performance of the System 

Figure 9.19 shows a near-field PL spectrum with weak excitation power den
sity of 0.2 W /cm2 • By restricting the observation area with near-field ex
citation and collection, we obtain a sharp emission line from a single QD 
which has been buried in the inhomogeneously broadened far-field spectrum. 
The linewidth of 0.5 meV is determined by the spectral resolution of the 
monochromator. Within an excitation area of 11"(0.25 Jlm)2, the excitation 
light of 0.4 n W through the probe generates 1 x 109 electron-hole (e-h) pairs 
per second. From the value of the QD density, the injection rate of e-h pairs 
into individual QDs is estimated to be <1 x 108 e-h/s. In this estimation, 
we do not take into account the effect of carrier diffusion. Since the injection 
rate of e-h pairs is much smaller than l/T, where T is a ground state emission 
lifetime of about 1 ns, we conclude that the observed emission line originates 
from the recombination of ground-state exciton. 

We roughly estimate the collection efficiency of the PL signal of the probe. 
When the injection rate of excited carriers per single QD is 1 x 108 e-h/s, 
the resultant photon counting rate of the PL signal is around 50 counts/so By 
using the apparatus parameters of the detection system, such as the filters, 
the monochromator, and the photomultiplier tube (0.5% quantum efficiency 
at 970 nm), a product of quantum efficiency of dots (<Pqe) and the collection 
efficiency of the probe (-!fee) can be evaluated as <Pqe ¢ee'" 1 X 10-3 . If <Pqe is 



9.3 Low-Temperature Single Quantum Dot Spectroscopy 173 

60 

- -1 ~ ~ 50 
.sg 
c: 
:J 40 0 
0 -~ 30 -'en 
c: 
Q) - 20 c: 

..J a.. 
10 

0 973 974 975 976 
Wavelength (nm) 

Fig. 9.19. Photoluminescence spectrum of an InGaAs single quantum dot detected 
in near-field configuration at 5 K. The linewidth of 0.5 me V is limited by the spectral 
resolution of t.he monochromator 

equal to 10%, tPce reaches 1%, which is as high as the collection efficiency in 
the high NA far-field configuration. 

Figure 9.20 shows a monochromatic PL image constructed by fixing the 
detection wavelength at 965 nm and scanning the probe in a 0.8 I'mxO.8 I'm 
area. Each circular spot corresponds to a single QD having an emission wave
length of around 965 nm. The minimum and average sizes of the spot images 
at full width at half-maximum are 160 nm and 220 nm, respectively. A sig
nificantly high spatial resolution of >../6->../5 was achieved. It should be noted 
that the spot size obtained is much smaller than that with dr of 500 nm 
(>../2). Since the carriers generated in the barrier layers of GaAs diffuse into 
the extended region, the spot size is determined only by the collection area 
of the PL signal through the probe. For dr=500 nm to 1 I'm, it has been 
demonstrated that the resolution is not strongly dependent on dr even when 
a fairly large aperture of dr=l I'm is utilized, a similar resolution of around 
200 nm can be obtained. The mechanism to achieve such a high resolution 
has not been fully understood. We speculate that the close proximity of the 
glass apex to the sample, the large cone angle of the tip, and the modal oc
cupation of the tapered region contribute to the realization of something like 
a high NA lens. Such a lens is also expected to ensure the high collection 
efficiency through the probe. 
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Fig. 9.20. Monochromatic photoluminescence image of single quantum dots with 
an emission wavelength of 965 nm and spectral resolution of 1 nm. The scanning 
area is 0.8 JAmxO.8 JAm 

9.3.5 Physical Insight of Siugle Quautum Dot Photolumiuesceuce 

The evolution of the single QD PL spectrum with excitation intensity gives us 
information on the intrinsic physical properties of a zero-dimensionally con
fined system, such as the quantization energy of electrons and the binding 
energy of electron-hole pairs. Figure 9.21 shows an excitation power depen
dence of PL spectra of a single QD. The peak intensity of each spectrum is 
normalized by the excitation power density. For an excitation power lower 
than 5 W /cm2, the PL spectra consists of a single line. As mentioned in the 
previous section, in such a power density, the single PL line originates from 
the recombination of single excitons from the ground state. With increasing 
excitation power, other elementary features are observed in the PL spectra. 
First, after the saturation of the ground-state emission, a new PL line ap
pears 30 meV above the ground-state transition. This line corresponds to the 
emission from the first excited state, which arises from the state filling of the 
ground state. Furthermore, Fig. 9.21 shows another feature 2.2 meV below 
the single-exciton emission. The emission intensity grows superlinearly with 
the excitation intensity. From the energetic position and the excitation power 
dependence, this emission line can be associated with the recombination of 
biexcitons, the rate of which increases quadratically with the generation rate 
of the single excitons in a single QD [61,62]. 

Figure 9.22 shows the monochromatic PL images in the same scanning 
area of 3 pmx3 pm for various excitation power densities. The detection 
wavelength is fixed at 975 nm with a bandwidth of 1 nm. The number of 
emission spots from individual dots drastically changes with increasing exci
tation intensity, while the spot sizes are unchanged: Such a power-dependent 
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Fig. 9.21. Single quantum dot photoluminescence spectra observed at 8 K with 
various excitation densities. The emission wavelengt.h of a ground-state single exci
ton is indicated by the arrow 
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Fig. 9.22. Monochromatic photoluminescence images obtained at 8 K with various 
excitation densities. a 3.9 W /cm2 ; b 30 W /cm2 ; c 120 W /cm2 ; d 700 W /cm2 • The 
detection wavelength is 975 nm with a spectral bandwidth of 1 nm, and the scanning 
area is 3 pmx3 pm 
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behavior shows the appearance of emissions from excited states and biexciton 
states, which are also observed in the PL spectra in Fig. 9.21. 

In order to determine the origins of the individual emissions, Fig. 9.23 
shows the plots of the spot intensities as a function of the excitation power 
density for each spot observed in Fig. 9.22. Specific power-dependent behav
iors can be classified into three types. The plots in Fig. 9.23a show a linear 
increase in the weak excitation region. The beginning of saturation at an ex
citation intensity of around 10 W /cm2 is consistent with the result obtained 
in Fig. 9.21. Such evolutions of emission intensities confirm that these emis
sions originate from the recombination of ground-state excitons. The decrease 
in the emission intensity for higher excitation is due to the increase in the 
generation rate of biexcitons and the change in the injection rate of e-h pairs 
into the individual dots. Another behavior shown in Fig. 9.23b is quadratic 
dependence on the excitation density, which is one of the most characteristic 
features of biexciton recombination. The other emissions in Fig. 9.23c are 
classified into four groups in terms of the threshold intensities in the appear
ance of individual spots and their saturation intensities. These plots display 
the appearance of higher excited states due to the state filling of the lower 
excited and ground states. Based on these consideration, we can identify the 
origins of individual emission spots in the image of 500 W / cm2, which is sum
marized in Fig. 9.24. At such a high excitation region, spots of excited-state 
emission are dominant in the spatial distribution. The two-dimensional spec
ification of the emission feature is important, especially in the investigation 
of the lasing mechanism of QD lasers. 

9.3.6 Observation of Other Types of Quantum Dots 

As well as self-assembled QDs, there are various kinds offabrication methods 
for the QD structure. Selective etching epitaxial growth is a useful candidate 
because of its damage-free formation and the high regularity of the QD ar
rangement. This subsection is devoted to the introduction of low-temperature 
near-field spectroscopy of GaAs single QDs fabricated by selective epitaxial 
growth [24]. 

Figure 9.25a shows the cross-sectional structure of a GaAs QD grown 
on Si02-patterned GaAs (100) substrates with metalorganic chemical vapor 
dep~sition. The size of the QD pattern (190 nmx160 nmx12 nm) and the 
separation of QDs by 2 I'm are observed by scanning electron microscope. 
A single-tapered fiber probe with dr=100 nm is employed for the near-field 
illumination of the sample. The PL spectrum shown in Fig. 9.25b is obtained 
by positioning the tip 200 nm above the top of a QD. This is the spectrum 
from the carriers excited in the whole QD structure. Figure 9.25c and d 
show the PL spectra with the tip position less than 10 nm above the region 
of the QD and that of the Si02 mask, respectively. Figure 9.26a-c show 
monochromatic PL images corresponding to the energy regions indicated by 
the arrows labeled A, B, and C, which originated from the GaAs bulk, the 
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Fig. 9.23. Plots of emission spot intensities as a function of excitation densities for 
the spots observed in Fig. 9.22. a Linear increase, b quadratic increase in a weak 
excitation region, and c with a threshold in the appearance of emission. Plots in 
c are classified into four groups in terms of the threshold intensity and saturation 
intensity 
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Fig. 9.24. a Monochromatic photoluminescence image with an excitation density 
of 500 W /cm2 in the same scanning area as shown in Fig. 9.22. b Corresponding 
two-dimensional map indicating the emission origins of individual spots in a 

GaAs QD, and the GaAs quantum well (QW), respectively. Since the PL 
peak intensity from the QD is large enough in comparison with that from the 
bulk, we can conclude that the carriers excited in the barrier region diffuse 
and are captured effectively in the QD and QW regions. 

The PL spectrum from a single QD at lower power density is shown in the 
inset in Fig. 9.25c. There exist a number of sharp lines, narrower than a few 
meV, which are determined by the resolution of the monochromator. This 
broad band spectrum is occurs for two reasons. As can be estimated from 
the PL peak energy dependence on the magnetic field, the interlevel spacing 
is 7.5 meV. First, there seem to be a number of transitions from the upper 
excited states since the interlevel spacing is estimated as 7.5 meV. Second, 
the carriers are confined within the valleys, which are induced by the vertical 
size fluctuation of the QD. This gives rise to nonuniform distribution of the 
carriers throughout a QD, and consequently can be a reason for multipeak 
generation. 

9.4 Ultraviolet Spectroscopy of Polysilane Molecules 

9.4.1 Polysilanes 

Polysilanes (PSs) are s-conjugated polymers whi~h can be regarded as ulti
mate quantum wires made of Si [63]. PSs are expected to be applied to the 
ultraviolet (UV) light-emit.ting device owing to their wide electronic band gap 
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Fig. 9.25. a Schematic representation of the cross-sectional profile of a single GaAs 
quantum dot. The sections indicated by A-C correspond to the structure of the 
GaAs quantum dot, the GaAs quantum well, and the GaAs bulk, respectively. b-d 
Spatially resolved photoluminescence (PL) spectra at 18 K: b maintaining the tip 
200 nm above the quantum dot (QD)j C less than 10 nm above QDj d less than 
10 nm above the Si02 mask. The inset shows a PL spectrum with low excitation 
power in the same configuration as c 
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(c) (d) 

Fig. 9.26. Monochromatic photoluminescence images at 18 K with the energy re
gions labeled a A, b B, and c C in Fig. 9. 25. d Simultaneously obtained topographic 
image 
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and high quantum efficiency. The electronic structures and optical properties 
of PSs can be controlled by changing the conformation of the Si backbones, 
i.e., the shape of molecules. Recently, by using an atomic force microscope, 
Ebihara et al. [64] have succeeded in the observation of a single helical PS 
molecule prepared on a hydrophobic ultrasmooth sapphire substrate. The 
length of the observed molecule was 2 J.lm. Such a measurement gives us hope 
that we will be able to observe the optical properties of a single molecule with 
an accurate image of the actual conformational structure. 

NOM has achieved a sufficiently high degree of sensitivity to be consid
ered a very powerful tool in the investigation of the optical responses of sin
gle molecules [65-70] and aggregates [71, 72]. Furthermore, we obtain their 
geometrical structures simult.aneously through the shear-force topographic 
image. In this section, we described the near-field PL study of aggregate 
structures of PSs by applying the UV spectroscopy technique and an opti
mized fiber probe. 

9.4.2 Near-Field Ultraviolet Spectroscopy 

The inset in Fig. 9.27 shows a schematic diagram of the trans-planar-type con
formation of polydihexylsilane (PDHS). At room temperature, dried PDHS 
has absorption and PL peaks at wavelengths of 370 nm and 380 nm, respec
tively. The quantum efficiency is evaluated as high as 5%. PDHS is cast on 
the silica substrate from a very dilute toluene solution, and the sample is 
dried in a vacuum. 

First, we describe the fiber probe suitable for high-resolution imaging in 
the UV region. The core of the fiber is composed of pure silica to suppress 
the strong scattering loss in the propagation of UV light. As described in 
Sect. 4.3, by shortening the length of the optica.lloss region due to evanescent 
propagation and metal-cladding absorption, we have successfully obtained a 
high throughput. Moreover, the protrusion part at the apex functions as the 
localized light source for the superresolution imaging which is indispensable 
to obtain local spectroscopic features corresponding to the geometrical struc
ture. The fabrication process for this type of probe is found in Sect. 3.6.2. 

Figure 9.27 shows a diagram of the near-field UV measurement. For the 
optical excitation, a 351-nm line of Ar+ laser is coupled into the fiber probe. 
The PDHS molecules dispersed on the silica substrate are illuminated by 
the near-field light through the probe. PL from the excited PS molecules is 
collected by a low-magnification objective lens or pure silica spherical lens. 
Here, a high-magnification (large NA) lens is not available owing to its low 
transmittance in the UV region. If the detection area of the photodetector is 
wide enough to disregard the aberrations in the PL focusing, a large spherical 
lens is more suitable for the highly efficient collection of the signal than 
a small NA lens. In two-dimensional optical imaging, the collected signal 
(transmission of the excitation light or PL) is detected by photomultiplier 
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PDHS (polydihexylsilane) 

Si Trans-planar type 
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W 

Fig. 9.27. Schematic diagram of the experimental set-up for near-field ultraviolet 
spectroscopy. The inset shows the transplanar type conformation of polydihexylsi
lane 

tube through the notch and bandpass filters. A monochromator with a cooled 
CCD is employed for the spectroscopic analysis of the PL signal. 

9.4.3 Imaging and Spectroscopy of Polysilane Aggregates 

Figure 9.28a and b show a transmission image of PDHS aggregates and the 
corresponding topographic image, respectively, in a 2 flmx2 flm scanning 
area. The maximum height of the sample is as low as 40 nm. Since each 
structure in the transmission image is the reverse of that in the topographic 
image, the dominant mechanism of contrast generation is the absorption of 
illuminated UV light by PDHS molecules. The strength of the contrast can be 
estimated from the absorbance of PDHS thin film at a wavelength of 351 nm 
as 1O(-40nm/400nm) ..... 0.8. This value is in good agreement with the contrast 
obtained in the transmission image of 0.75. 

As shown in Fig. 9.29, a PL image of a thin aggregate structure can be 
obtained under an excitation condition as low as 40 pW illumination through 
the probe. At such a low excitation, fatigue of the PL signal can be prevented. 
The aggregate structures are thinner than 3 nm. The background signal in 
the dark region is almost zero, in contrast to the maximum counting rate 
of the PL signal of 50 counts per 100 ms. This implies that the fluorescence 
from the fiber or substrate due to the UV excitation does not affect the 
measurements. The PL signal intensity obtained agrees well with a numerical 
estimation using the parameters of absorption coefficient, quantum efficiency 
and so on. 
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(a) (b) 
Fig. 9.28. a Topographic image of polydihexylsilane aggregates, and b the corre
sponding mapping of the transmission intensity of ultraviolet light. The scanning 
area is 2 IJm x 2 IJm 

Fig. 9.29. Near-field photoluminescence image of thin polydihexylsilane aggregate 
structures. The scanning area is 5 IJm x 5 IJm 
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PL spectra from a thick aggregate structure are acquired every 3 s by a 
charge-coupled device (CCD) camera using a rather large de with 100 nW 
excitation. Several spectra are presented in Fig. 9.30. A peak wavelength of 
380 nm and spectral width of 9 nm are obtained. These values are not very 
different from the results of the far-field spectroscopy of PS thin film. Under 
such a high-power excitation at room temperature in the atmosphere, the 
spectrum is rapidly bleached in about 60 s, which is a serious problem when 
observing a small structure with low signal intensity. As in the PL imaging, 
to avoid this fatigue phenomena, the excitation power should be as low as 
possible. 
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Fig. 9.30. Time-dependent features of photoluminescence spectra obtained from 
thick polydihexylsilane aggregate structures with high excitation intensity 

9.5 Raman Spectroscopy of Semiconductors 

9.5.1 Near-Field Raman Spectroscopy 

Raman spectroscopy has been widely applied to study the material phase, 
the distribution of stress, the identification of chemical bonding, and so on. 
The combination of Raman spectroscopy and near-field techniques is ex
pected to provide us further investigation with high spatial resolution and 
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topographic information from the surface [73-77]. In such advanced measure
ments, low sensitivity due to the weak scattering effect has frequently been 
reported. However, this problem is expected to be solved by employing a 
high-throughput probe, as described in Sect. 4.3 or one with a functional 
structure such as a local plasmon. 

The fundamental configuration of the experimental set-up is similar to the 
PL spectroscopy of opaque materials. At present, however, the illumination
collection hybrid operation is difficult to apply to Raman signal detection; 
there is strong Raman scattering from the optical fiber, which obstructs the 
extraction of weak signals from the sample. The experiments described in this 
section were performed in illumination mode with the collection of a Raman 
signal in a far-field scheme with an objective lens (NA 0.8). 

9.5.2 Raman Imaging and Spectroscopy of Polydiacetylene and Si 

As a demonstration of the feasibility of near-field Raman spectroscopy, we 
show the two-dimensional mapping of Raman signal features of polydiacety
lene (PDA). A tabular PDA single crystal is illuminated by 10 nW of second 
harmonics of Nd:YAG laser light (532 nm) through a double-tapered probe 
with dc=100 nm. In a 1 pmx 1 J.lm area of PDA crystal, 10 x 10 points of Ra
man spectra were measured, with 600 s accumulation for each point. Raman 
spectra of PDA have been well investigated due to their strong scattering 
efficiency and resonance effect. In near-field spectra, as shown in Fig. 9.31a, 
two specific peaks relating to the C=C bond are observed at 1457 cm- l (peak 
L) and 1520 cm- l (peak S). These peaks reflect the difference in the number 
of successive cis-bonds; peak L originates from longer successive bonds and 
peak S from shorter ones. Figure 9.31b shows the intensity ratio distribution 
of peak S to peak L. Since, in this image, no correlation to the topographic 
image is observed, the spatial difference in the number of successive cis-bonds 
is clearly obtained. 

Raman spectroscopy of Si with high resolution is certainly required for 
the analysis of electronic devices. Due to its rather weak scattering efficiency 
and small wavenumber, the desired signal competes with the background 
signal of Raman scattering from the optical fiber. In this measurement, an 
optical fiber with a pure silica core, which is also used in UV spectroscopy, 
was employed. By using this fiber, the Raman background signal from the 
fiber can be reduced to less than 10% compared with a fiber with a Ge02-
doped (25 mol%) core. Figure 9.32 shows an example of a Raman spectrum 
of a Si crystal using a triple-tapered probe with dc=100 nm (see Sect. 3.6.2) 
and short propagation of excitation light (wavelength 532 nm) in the fiber. 
A sharp peak from Si is clearly seen at 520 cm- l . The broad signal around 
400 cm- 1 is assigned to the Raman scattering from the Si02 composing the 
fiber. The successful acquisition of a weak Raman signal from Si is mainly 
attributed to a reduction of the background Raman scattering through the 
careful selection of the composition of the fiber. 
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Fig. 9.31. a Near-field Raman spectrum of polydiacetylene. b Two-dimensional 
mapping of the intensity ratio of the Raman signal at two specific peaks, reflecting 
the difference in the number of successive C=C cis-bonds 
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Fig. 9.32. Near-field Raman spectrum of an Si crystal obtained by a probe with 
df =100 nm 
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9.6 Diagnostics of Al Stripes in an Integrated Circuit 

9.6.1 Principle of Detection 

The detection of voids in Al stripes is an important technique in failure anal
ysis of integrated circuit devices. As a nondestructive diagnostic tool, the 
optical beam induced resistance change (OBIRCH) method has been pro
posed by Nikawa et al. [78]. This method is based on detecting the difference 
in resistance change, produced by laser beam heating, between defective and 
defect-free areas. Figure 9.33a illustrates the principle of such measurements. 
When a laser beam scans, the heat generated is transmitted freely across ar
eas that are free of voids, while such transmission is impeded when voids are 
encountered. This creates differences in the temperature increases between 
irradiation points which are not near voids and those which are, and the 
resulting differences in resistance changes are displayed. 

(a) (b) 

Fig. 9.33. a Principle of the optical beam induced resistance change (OBIRCH) 
method and b experimental set-up of near-field OBIRCH 

To achieve higher spatial resolution beyond the diffraction limit, we pro
pose to use the fiber probe for NOM as the local heating source in place 
of a laser beam. For this purpose, there exist two candidates as the heat
ing source, the apertured probe (described in Chap. 4) and the metallized 
probe, which is coated with gold film on all the exterior parts of a sharpened 
fiber probe. In the case of the apertured probe, an Al stripe is heated by 
the absorption of laser light passing through the small aperture. Since the 
penetration (skin) depth of Al is very shallow, the resolution is determined 
by dr. On the other hand, the heating mechanism using the metallized probe 
is the conduction of heat through the contact between the Al stripe and the 
apex of the probe, which is heated by the strong absorption of propagating 
light in the probe [79-82]. In principle, since the resolution of this method is 
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determined by the contact area, a similar resolution to that of topographic 
imaging is expected to be achieved. In this section, we employ both types of 
probe and compare them from the aspects of resolution and sensitivity. 

Figure 9.33b shows the experimental configuration for the detection of 
resistance change through near-field heating. Ar+ laser light coupled to the 
fiber illuminates the stripe through the aperture in the near-field region. In 
the case of a metallized probe, the coupled laser light heats the apex of the 
probe due to absorption by the coating metal. Using the shear-force feedback, 
the probe apex is kept in near-contact interaction with the sample surface. 
The Al stripe is connected to the constant current source, and the voltage 
change due to local heating by the probe is detected with a lock-in amplifier. 

9.6.2 Heating with a Metallized Probe 

For the metallized probe, we show the dependence of the signal intensity on 
the sample-probe separation in Fig. 9.34a. The shear-force curve obtained 
simultaneously is also shown. The signal rises abruptly in close proximity to 
the sample, where the shear-force signal decreases due to the near-contact 
interaction. This result demonstrates that the dominant mechanism heating 
the stripe is conduction by the contact between the probe and the sample. 
The signal remaining even in the noncontact region seems to originate from 
conduction by air. 

OOo%~ t J,-Shearforce 

r1> Resistance 
change 

• 0 : Approach 

.0 : Withdraw 

o 20 40 60 80 100 

Samplellrobe separalion (nm) 

(a) (b) 

Fig. 9.34. a Plots of the signal intensity of resistance change as a function of 
sample-probe separation. The shear-force curve is also shown. b Topographic image 
of an Al stripe (top) and a two-dimensional map of the signal intensity (bottom). 
The bright area corresponds to the section where the resistance change is large. 
The image size is 2 pm xO.5 pm 

Figure 9.34b shows an image of the resistance change in the Al stripe with 
corresponding shear-force topographic image. The bright part corresponds to 
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the area where the resistance change is large. The width and the depth of the 
stripe are 0.4 /Jm and 0.5 /Jm , respectively. Apart from the large structure 
to the left, there is no correlation between the shear-force topographic image 
and the resistance change image. This implies that the clear contrast reflects 
the existence of defects beneath the surface of the stripe. We also confirm the 
achievement of high spatial resolution as small as 50 nm, which is related to 
the contact area between the probe apex and the sample surface. 

9.6.3 Heating by an Apertmed Probe 

The ability of an apertured probe to be a local heating source is also demon
strated. In order to obtain an adequate heating effect, we use a rather large 
aperture with a diameter of 300 nm. The throughput of this probe is around 
4 x 10- 2 • The dependence of the signal intensity on the sample-probe separa
tion is very gradual compared with that for the metallized probe. No abrupt 
change in the proximity of the sample surface is observed, which proves that 
heating by the absorption of illuminated light through the aperture is the 
dominant mechanism. 

(a) 

(b) 

Fig. 9.35. Resistance change images obtained by a near-field OBIRCR, and b 
conventional OBIRCR methods. The observation sections (4 pmxl pm) are the 
same in both images 

Figure 9.35a shows a resistance change image obtained by a 300 nm aper
ture probe with 40 /JW irradiation . The stripe is a trench structure 0.3 /Jm 
wide and 0.5 /Jm deep. Figure 9.35b shows the resistance change image by the 
OBIRCH method in the same scanning area. A good correspondence of signal 
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structure in both images was obtained. Furthermore, it should be noted that 
in the near-field image, the fine structures to the left are clearly resolved, 
while in the OBIRCH image they are not. This result demonstrates the high 
resolving power of near-field illumination through the probe. The existence 
of voids corresponding to the near-field observations has been verified by 
scanning ion microscope. 
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Chapter 10 

Toward Nano-Photonic Devices 

10.1 Introduction 

The strength of the local electromagnetic interaction between a specimen 
and a probe increases with increases in the optical near-field intensity. This 
increase allows modifications to the specimen's surface and also nanometric 
processing, which leads to the creation of novel nanometric materials. Further, 
novel functional photonic devices are expected from the use of a resonant 
interaction between the optical near field and the matter, as well as using the 
local optical nonlinear effect. 

In view of the development of nano-photonic devices, this chapter reviews 
the surface plasmon and its applications in Sect. 10.2, and the application of 
the optical near field to high density optical storage in Sect. 10.3. 

10.2 Use of Surface Plasmons 

10.2.1 Principles of Surface PlaslUons 

Surface plasmons (SPs) are quanta of collective oscillations of charges on 
conductive surfaces, and have excellent spatial coherence due to long-range 
Coulomb interactions [1]. These plasmons propagate along the surface, cou
pling with electromagnetic waves around the conductive (l)/dielectric (2) 
interface, as depicted in Fig. 10.1. The normal component of this field is 
given by Ez = Eo exp[i(kxx ± kzz - wt)]. The characteristics of these waves 
can be described by Maxwell's theory. The dispersion relation of SPs is given 
by 

k 1 k 2 
_z + _z (10.1) 
Cl C2 

Further, the relation between the two components of the wave number is 
given by 

k2 + k2. = C· (~)2 i = 1 2 (10.2) x ZI Ie' , 

These equations involve the most important properties of SPs, i.e., if kx is 
larger than the wave number of the propagating light k~ight = fo( w / c) in 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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Dielectric 

Fig. 10.1. Schematic model of a propagating surface plasmon coupling with an 
electromagnetic wave localized arolmd t.he conductive (l}fdielectric (2) interface 

the general system of a metal/air interface (in which £1 < -1 and £2 = 1 
for the visible light range), kzi becomes imaginary. Then Ez exponentially 
decays away from the interface, and the electromagnetic field is concentrated 
near the interface. This property reveals the applicability of SPs for photonic 
devices [2], especially owing to their nanometer-scale sensitivity to chemical 
and physical changes on the surface [3, 4]. 

For the excitation ofSPs, optical near fields with wave vectors larger than 
those of the propagating light are required. In particular, those generated by 
a total internal reflection (TIR) of coherent light can resonantly produce a 
given mode of SPs with high efficiencies. This is well known as the attenu
ated total reflection (ATR) method. The excited mode strongly depends on 
the optical conditions of the interfaces. One of the typical examples of ap
plication is spectroscopic analysis of adsobates or ultra-thin films on metal 
surfaces using ATR devices [3, 5]. This method works as a powerful tool for 
longitudinal nanometer-scale characterization of surfaces owing to its exper
imental simplicity. It has also been successfully applied to develop surface 
plasmon microscopy in order to obtain two-dimensional (2D) mapping of 
adsobates [3, 6]. 

Direct imaging of the propagating SPs has been tried by NOM [7]. It was 
tried in an attempt to confirm the scattering phenomena, or the interaction 
with the local changes in the chemical and physical properties of the surface. 
Local field enhancement is considered to occur according to the multiple
scattering or interference phenomena of propagating SPs. Weak [8, 9] and 
strong (Anderson) [9, 10] localization of fields have been reported on rough 
surfaces. Enhancement of the optical near field on the surface has sufficient 
possibilities to encourage the development of novel nonlinear optical devices. 
Second harmonic generations, for example, have been realized on those sur
faces [11]. We will discuss localization techniques like those, and more gentle 
ones, in Sect. 10.2.3, but first we discuss observation techniques for scattering 
or interference phenomena using the high spatial coherency of SPs. 
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Fig. 10.2. Experimental set-up for imaging excited SPs. Surface plasmons can be 
excited by prism coupling. The inset shows the dispersion curve for SPs and photons 
in air, and the dependence of the reflectivity R on the incidence angle 8 

10.2.2 Observation of Surface Plasmons 

The enhanced optical near field due to the excitation of SPs has been directly 
observed using a c-mode NOM combined with the Kretshmann geometry of 
an ATR device, as shown in Fig. 10.2 [7, 9-13]. In this experimental set-up, a 
clear near-field image can be obtained even by an optical fiber probe with no 
aperture if the sample-probe separation is maintained at a few nanometers 
only. This is because the electromagnetic field is almost nonradiative on the 
planar metallic surface, and the apex of the scanning probe works as a scat
tering center. However, on a thermally deposited metal surface, the radiation 
damping of the propagating SPs makes the image acquisition complicated. 
That is, if the amplitude of the surface roughness is large, or localized de
fects like adsobates exist on the surface, they will generate intense radiation. 
Then it is difficult to divide clearly the near-field and the far-field compo
nents because the far-field components couple easily to the tapered portion 
of the fiber probe. One way to extract only the near-field components is by 
vertically vibrating the probe, which can be done with a cantilever or metallic 
probe [14]. A simpler and clearer technique to obtain near-field images is to 
use a fiber probe with small aperture. We have obtained well-pronounced 2D 
periodic images of the nea.r field caused by the mutual interference of excited 
SPs, Le., we have tried to observe directly the interference between two coun
terpropagating SPs on a planar gold thin film deposited on a glass plate by 
means of the incidence of two counterpropagating near-field components. 

Figure 10.3 shows the experimental set-up, where an apertured fiber probe 
with a 200-nm-thick gold coating and a 50 nm diameter aperture [15] was 
kept a.t a constant height about 5 nm away from the surface by shear-force 
feedback control. In Kretschmann geometry, the two counterpropagating SPs 
were excited on a 48-nm-thick gold film by two incoming p-polarized He-Ne 
laser lights ("'-' 1 mW, 633 nm) from opposite directions. 
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Fig. 10.3. Experimental set-up for imaging a standing-wave-like near field caused 
by the interference bet.ween the two counterpropagating SPs. The upper inset shows 
a SEM micrograph of the aperture of the probe. The aperture diameter was about 
50 nm. The lower inset shows a cross-sectional view of the sample-probe system 

The obtained image shown in Fig. 10Aa shows the generation of standing
wave-like near-field enhancement with 2D periodicity. In the single propagat
ing mode, the asymmetry of the optical near field with a given wave vector 
may affect the image acquisition process using the probe as a scattering cen
ter . On the other hand, the contrast of the image can be clearly understood 
as a result of the differences in interactions of SPs with the probe apex in the 
two polarization directions, as claimed in Ref. [16]. Real parts of the complex 
wave vectors of excited SPs have already been obtained by power spectral 
analysis of Fourier transform (FT) of the near-field image of Fig. 10Aa. Both 
elastic and inelastic scattering phenomena of SPs have been analyzed by the 
combina'tion of near-field and their FT images. Moreover, the local field en
hanced phenomena caused by localized small defects such as nanometer-size 
contaminants have been observed in the near-field images. This mechanism 
is now under study, and may be seen to be the key effect in controlling the 
localization or confinement of a nonradiative optical near field. 
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(a) (b) 
Fig. 10.4. a Near-field image obtained by the experimental set-up in Fig. 10.3. 
Vertical stripes indicate the interference fringe between two counterpropagating 
SPs. b Topographical image simultaneously obtained by the shear-force technique. 
Both image frames are 5 J.lm x 5 J.lm 

10.2.3 Toward Two-Dimensional Devices 

The high coherency and monochromaticity of SPs are capable of use in the 
development of many novel functional devices. For example, a wavelength se
lector based on the resonance of SPs has recently been proposed using Kret
shmann geometry by virtue of the monochromaticity [17] . Field enhancement 
is considered to be caused by the scattering or interference of SPs. Weak or 
strong localization of the enhanced field by SPs on random and rough sur
faces is important in understanding these localization phenomena. However, 
the competition between strong localization and radiation damping leads to 
a problem that is yet to be solved [18]. 

In this subsection, we review the scattering phenomena at the sharpened 
edges of metal films in order to control the scattering of 2D propagating SPs 
by suppressing radiation damping. Although the incidence of propagating 
SPs at the sloping edge has been imaged using a NOM [7], no clear scattering 
phenomena have yet been observed. For this observation, we fabricated much 
sharper edges of gold and silver films by a combination of electron beam 
lithography and the lift-off technique. 

Figure 10.5 shows SEM micrographs of the fabricated edges of silver film 
about 50 nm thick deposited on a glass plate. The edge angle was estimated 
to be larger than 800 by high-resolution SEM micrographs. The near-field 
image obtained using an aperture-type probe is shown in Fig. 10.6a. The 
topographical image simultaneously obtained by shear-force feedback control 
is shown in Fig. 10.6b. The experimental set-up is similar to that in Fig. 10.3, 
where a He-Ne laser light beam (>. = 633 nm) was incident to the silver film 
near the fabricated edge at the resonance angle. The dithering direction of 
the probe for shear-force feedback control was almost parallel to the edge. 
Well-pronounced interference fringes were observed due to the interference 
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(a) (b) 
Fig. 10.5. a A SEM micrograph of a sharpened thin film edge fabricated by a 
combination of electron beam lithography and the lift-off technique. b Magnified 
image of a corner 

(a) (b) 
Fig. 10.6. a Near-field image obtained with the incidence of SPs onto a film with a 
sharpened edge. b Topographical image simultaneously obtained by the shear-force 
technique. Both image frames are 15.2 11m x 15.2 11m. The lines indicated by arrows 
correspond to the edges 
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Fig. 10.7. Angular distributions of the detected intensities radiating from the edge 
site. The large arrow represents the direction of the excited SPs. Curve A, surface 
plasmon resonance (SPR) condition (8 = 8SPR ); curve B, incidence of a p-polarized 
laser beam with the same photon energy as curve A, but out of SPR condition 
(8 = eSPR ± 0.5°); curve C, incidence of an s-polarized laser beam with the same 
photon energy and incidence angle as curve A 

between the excited SPs and the elastically scattered SPs at the fabricated 
edge. The contrast of the fringes was about one-tenth as strong as those of 
counter interferences in Fig. lOAa. Reflectivity at the edge can be estimated 
by those differences in contrast. However, this estimation is not applicable 
to the results obtained by different types of probes because the contrast of 
each image strongly depends on the short-range electromagnetic interaction 
between the probe and the edged surface by multiple scattering of the optical 
near field. The detected intensity was very high just outside the edge, as 
shown in Fig. 10.6a, for which two explanations are possible. One is that the 
probe detected radiations from the side of the edge. The other is that a novel 
localized mode of SPs was generated at the side of the edge. 

Angular distributions of radiations from the edge were evaluated by mea
suring the intensities. Figure 10.7 shows the measured results for a sharpened 
edge similar to the one used for the near-field observation. Curve A shows 
the angular distribution of the resonant excitation of SPs. Curve B is the 
off-resonant condition (0 = OSPR ± 0.5°). Curve C is for the incident angle 
OSPR as curve A, but by s-polarized incident light. Comparison of these curves 
indicates the limitation of the radiation directions of SPs at the fabricated 
edges. Although the coupling with the prism has not been fully evaluated in 
this experiment, it shows the possibility of controlling the radiation direction 
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by varying the shape of the film edge. This technique can be applied to realize 
a highly efficient edge coupler. 

Sharpened edges cannot work as a reflector of SPs because of their strong 
radiation damping. One of the concepts available to get high reflectivity is to 
use a distributed Bragg reflector (DBR), which can forbid the propagation of 
polariton mode. We have applied the sharpened edge fabrication technique 
to make such a DBR. Figure 10.8a and bare SEM micrographs of the fab
ricated DBR and a schematic representation of the cross-sectional profile, 
respectively. For this DBR, the scattering of incident SPs has been evaluated 
using the same experimental set-up and probe as in the case of a sharpened 
edge. The near-field image of the DBR is shown in Fig. 10.8c, in which the 
near-field intensity near the boundary of the DBR (i.e., the area represented 
by an arrow in the figure) is higher than that for other areas. This result 
reveals the possibility of confining the propagating SPs while suppressing 
radiation damping. 

10.2.4 Toward Three-Dimensional Devices 

If the reflectors completely surround an area as small as a given wavelength on 
a metal (silver or gold) surface, localized field enhancement with a specified 
wavelength will be realized without any radiation damping. Concentration of 
the electromagnetic field due to this localized field enhancement will change 
the optical properties of the localized area, and will give rise to optical nonlin
ear effects. The localized mode of SPs can exist on a small metallic particle. 
Scattering phenomena on such small conductive particles have been stud
ied for a long time [1, 2], and the localized field enhancement around small 
particles is considered to be one of the main reasons for surface-enhanced 
Raman scattering [19, 20]. In the case of a spherical particle, eigenmodes in 
a nonretarded case are expressed as [1] 

1+1 
"'1 - -"'2-- 1- 1 2 3 ... ., - ., I ' - , , , (10.3) 

On the other hand, the corresponding condition on the planar surface is 
given by e1 = -e2 from Eqs. 10.1 and 10.2. Equation 10.3 gives the localized 
mode in small particles. Generally, this localized mode is radiative and can 
be coupled with propagating light. Assuming that the particle size is much 
smaller than the wavelength of the excited field, radiation damping can be 
suppressed [21]. 

In this subsection we discuss the possibility of realizing three-dimensional 
devices for which polarization-dependence is also taken into account. In spher
ical particles there is no dependence on the polarization direction of an ex
citation field. On the other hand, in ellipsoidal particles, the local field can 
be enhanced when the field component of excitation light is parallel to the 
longer principal axis of the ellipsoid. The maximum degree of enhancement 
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(c) 
Fig. 10.8. a A SEM micrograph of a distributed Bragg reflector fabricated by 
a combination of electron beam lithography and the lift-off technique. b Cross 
sectional profile. c Left. Near-field image obtained during the excitation of SPs 
in the area sandwiched between the two constructions. The arrow represents the 
area near the boundary of the DBR. Right. Topographical image simultaneously 
obtained by the shear-force technique. Both image frames are 15.2 J.lmx15.2 J.lm 
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Fig. 10.9. Experimental set-up for exciting the localized mode of SPs on a fabri
cated probe apex. The inset shows a SEM micrograph of a fabricated metallized 
probe apex 

in an ellipsoidal particle can be much larger than that in spherical parti
cles [1] . Realization and evaluation of the localized mode excitation on a 
hemi-ellipsoid have been performed for the protrusions on a plane surface us
ing lithographic techniques [21] . We propose here a novel technique to excite 
the localized mode. on the apex of a fiber probe for NOM [22]. The shape 
of the probe apex can be approximately ellipsoidal. If its surface is covered 
by a very smooth conductive thin film, the conditions can be same as the 
ellipsoid in the previous study [21]. We have tried to excite such a localized 
mode on the top of our metallized probe that was completely covered with 
a thin gold film. Prior to applying the gold film, a germanium thin film was 
applied in order to realize a stable, smooth gold film coating. Figure 10.9 
shows an experimental set-up, and the inset shows a SEM micrograph of the 
fabricated metallized probe. The cross-sectional profile of the probe depicted 
in this figure shows that the thickness of the gold film increased from the 
apex to the foot side, i.e., it was about 25 nm at the apex and about 80 nm 
at the foot . 

In order t.o confirm the local mode generation, t.he excitation photon en
ergy was varied by tuning a R6G dye laser (570-630 nm). The incident angle 
of the p-polarized laser beam was set to 450 for the TIR condition, where the 
critical angle is always less than 420 because the refractive index of the prism 
is 1.53 for 570-630 nm wavelength range. The distance between the probe and 
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Fig. 10.10. a Dependence of the detected intensity on the excitation photon energy. 
Open circles, the metallized probe. A theoretical curve fitted to the open circles is 
also drawn. Closed squares, the uncoated probe. b Dependence of the detected 
intensity on the distance between the probe and the prism swface. Curve A, the 
metallized probe; curve B, the uncoated probe 

the prism surface was kept to be 5 nm by shear-force feedback control. De
pendence of the detected intensity on the excitation photon energy is shown 
in Fig. 10.10a. In this figure, open circles represent experimental values for 
the metallized probe, and a theoretical curve was fitted to them based on 
a local field theory involving a radiation damping factor [21, 23]. For refer
ence, closed squares represent the values for an uncoated probe. Comparison 
between the open circles and the closed squares confirms the realization of 
the local field enhancement in the metallized probe. The resonant photon 
energy in the metallized probe was about 2.11 eV, corresponding to 588 nm 
in wavelength. The detected intensity at the resonant point is about six times 
as high as that of the uncoated probe. Theoretical enhancement of the near 
field, however, is estimated to be about 150 times the incident intensity. This 
difference is due to the experimental fact that many of the unwanted low 
spatial Fourier frequency components and far-field components of the light 
are included in the detected light intensity for the uncoated probe. 

At the resonant condition, the environment(i.e., the substrate surface and 
the gap) of the probe was not unity but about 1.5, which reveals that the 
close proximity of the probe to the substrate will change the optical property 
of the probe. This can be called the proximity effect (or substrate effect). To 
examine this effect, we have also evaluated the dependence of intensity on the 
distance between the probe and the prism surface. The results are shown in 
Fig. 10.lOb. Curves A and B are the results for the metallized and uncoated 
probes, respectively. The excitation photon energy was fixed at the resonance 
condition (2.11 eV energy). The detected intensity of curve A increases with 
decreasing distance, and a dramatic increase can be seen at about 50 nm. 



204 10. Toward Nano-Photonic Devices 

Metallic film 

(a) (b) 
Fig. 10.11. a Cross-sectional structure of a protruded metallized probe with an 
aperture. b SEM micrograph of the fabricated probe 

Further, the slope of this curve for a distance less than 50 nm is much larger 
than that of the exponential functional curve. Such a large increase and steep 
slope are considered to be because of the localized fields around the probe 
apex. These fields are enhanced only when the effective dielectric constant of 
the environment of the probe is shifted to a value in close proximity to those 
of the probe and the substrate. This discrimination sensitivity of the intensity 
with respect to the distance can be higher than that of the tunneling effect 
of electrons. Moreover, this drastic increase could not be obtained in the case 
of s-polarized photons. 

Due to high discrimination sensitivity, this technique for enhancing the 
localized field has many applications such as operating nanometric three
dimensional functional devices, mapping the local dielectric constant of a 
sample surface, near-field imaging with much higher vertical resolution and 
sensitivity, distribution of near-field polarization, and the sensing of single 
molecules in liquids. Further, since our metallized probe can be useful in 
scanning tunneling microscopy, it can be used to study nanometer-sized local 
interactions between a photon and an electron. 

10.2.5 A Protruded Metallized Probe with an Aperture 

We have developed a protruded metallized probe with an aperture in order 
to improve the performance of the metallized probe discussed in the previ
ous subsection. Figure 10.l1a shows its cross-sectional structure, and the two 
metallic films which are coated on separately at the apex and the foot of 
the tapered core. The metallic film on the apex is to increase the scattering 
efficiency, and to enhance the optical near-field intensity for the c-mode and 
i-mode NOMs, respectively, by which an improvement in measurement sensi
tivity is expected. The metallic film on the foot forms an aperture to suppress 
the detection and generation of light with low spatial Fourier components, 
by which increase in the contrast of the image is expected. The fabrication 
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(c) (d) 
Fig. 10.12. a Measured spatial distribution of the output light intensity of the 
probe with an uncoated apex. Except for the apex, the structures are the same 
as for the fabricated probe in Fig. 10.11. b The cross-sectional distribution along 
the white line in Fig. 1O.12a. c Measured spatial distribution of the output light 
intensity measured for the probe in Fig. 1O.11b. d Cross-sectional distribution along 
the white line in Fig. 10.12c 

process for this probe is as follows. (A) The fiber core is tapered and the 
cladding diameter is decreased by chemical etching (cf. Sect. 3.3.1.1). (B) 
The tapered core, except for the absolute apex, is coated with a resin film. 
(C) The uncoated part of the apex of the core is chemically etched to further 
reduce its size. (D) Gold film is coated onto the foot of the tapered core to 
form the aperture, and the fiber axis is tilted in order to avoid coating the 
apex. (E) The apex of the tapered core is coated with a gold film. 

Figure 10.llb shows a SEM micrograph of the fabricated probe, where 
the gold-coated apex diameter, d, is 35 nm (the uncoated apex diameter is 
smaller than 5 nm). The thickness of the gold film at the foot is 100 nm, and 
the aperture diameter (i.e., the foot diameter), dr, is 400 nm. 
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We measured the spatial distribution of the output light intensity at the 
apex of the probe by coupling a 680-nm-wavelength light into this fiber. The 
experimental set-up is equivalent to that in Fig. 4.6, where a flat-top aper
tured probe with an aperture diameter of 100 nm was scanned. Figure 10.12a 
shows the measured distribution for a probe with an uncoated apex as a ref
erence. Note t.hat the structure except for the apex, is the same as that of 
the probe in Fig. 10.11. The butterfly-shaped distribution in this figure cor
responds to the HEll mode shown in Sect. 4.2. Figure 10.12b shows the cross 
sectional distribution along the white line in Fig. 1O.12a. The separation be
tween the two peaks is 400 nm, which corresponds to the aperture diameter. 
Figure 10.12c shows the measured distribution for the probe in Fig. 10.11b. 
The high intensity at the center of the butterfly represents the effect of the 
metal coating on the apex. The cross-sectional distribution along the white 
line in this figure is given in Fig. 10.12d. The half-width of the central peak 
is 150 nm, which is the convolution of the apex diameter of the metallized 
core and the aperture diameter of the probe scanned for the measurement. 
Comparison of Fig. 10.12a-d clearly confirms the effect of the metal coating 
on the apex in enhancing the optical field intensity. 

500nm 300nm 

(a) (b) 
Fig. 10.13. SEM micrographs of a protruded metallized probe with an aperture. 
a Spherical and b ellipsoidal metallized apex 

Figure 10.13a and b show the SEM micrographs of probes with a spher
ical and an ellipsoidal metallized apex, respectively, which are fabricated by 
slightly modifying step E of the process just described. These figures demon
strate the versatility of the process in realizing a variety of apex shapes, by 
which an optimized shape can be obtained to obtain, for example, a plasmon 
resonance for further enhancement of the field intensity. Further, apart from 
the gold film, this process can coat a variety of materials such as silver and 
semiconductors, from which novel functional probes are expected. 
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10.3 Application to High-Density Optical Memory 

An optical memory is an example of one of the promising applications of 
optical near fields to nano-photonics. Although conventional optical memory 
has realized storage densities as high as 2 Gb/inch2 for DVD-RAM by using a 
propagating far-field light of 650 nm wavelength, its highest density is limited 
by the diffraction of the light. For higher densities, the use of a shorter
wavelength light source (e.g., a blue-violet semiconductor laser) or volume 
holography, etc., have been proposed. Use of a solid immersion lens has also 
been proposed in order to reduce the diffraction-limited focused spot size of 
the laser beam, which has realized a storage/read-out of a 350 nm diameter 
pit on a TbFeCo film (a magneto-optical storage medium) [24,25]. 

The use of an optical near field is an attempt to go beyond the diffraction 
limit and to realize a storage density as high as 1 Tb/inch2, which is limited 
by the apex size of the probe. Preliminary experiments have been carried out 
for Pt/Co film (a magneto-optical storage medium) using an i-mode NOM to 
obtain 170 Gb/inch2 storage density [26]. This can be called thermal-mode 
storage because it uses the local heating of the storage medium by the optical 
near field. An experiment in photon-mode storage/read-out/erasing, using a 
photochemical reaction, has also been carried out for a Langmuir-Blodgett 
film of a photochromic material to realize a storage density as high as the 
one achieved by thermal-mode storage [27]. The advantages of photon-mode 
storage are an inherently fast response time of the electronic transition of the 
photochromic material, free from the thermal damage of the probe, and so 
on. 

Since this pioneering work, thermal-mode storage using Ge2Sb2Te5, a 
phase-change medium, has been carried out at a lower storage temperature 
than that for the magneto-optical storage medium [28]. Highly sensitive pho
tochromic materials have also been developed for photon-mode storage [29]. 
Since these studies were only carried out to demonstrate the feasibility of 
near-field optics for high-density optical storage/read-out by scanning a con
ventional fiber probe, they do not clearly represent future directions for prac
tical/commercial optical memory. The next section is devoted to a review of 
the expected directions of future progress. 

10.3.1 Problellls to Be Solved 

The problems involved in realizing a low-cost and reliable optical memory 
system are related not only to the hardware, but also to the software of the 
system, and further, they are correlated with each other. The problems can 
be covered under four main headings. 

1. Software. 
a) Establishing an application software to be supplied to the customer, 

e.g., data bases on medical care for individuals, library data bases, 
information on weather forecasting, or providing motion pictures. 
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b) The form and architecture of the memory, e.g., read-only, erasable, 
etc., must be decided depending on the type of software, and this 
also governs the strategy of developing types of hardware. 

c) Fail-safe software for read-out, e.g., to skip nanometric surface sin
gularities in the medium. 

2. System. 
a) The form of the storage medium, e.g., a linear tape or a circular disk, 

which depends on the kind of information to be stored. 
b) Scanning the head for storage and read-out (SR head). 
c) Controlling the nanometric separation between the storage medium 

surface and the SR head. 
d) Tracking feedback of the SR head. 
e) Removing the memory from the system to realize a portable memory. 
f) Fast detection of a very weak light intensity for read-out. 

3. Device. 
a) A high-throughput SR head for high-speed scanning. 
b) An interface connecting a light source, an SR head, and a photo de

tector. 
c) An actuator for scanning the SR head. 

4. Storage medium. 
a) Exploring novel phenomena of sensitive and local interactions be

tween the optical near field and the nanometric matter, and materials 
sensitive to these interactions. 

b) Developing materials with nanometric grain and domain. 
c) Re-investigating physical and thermodynamic concepts and.quanti

ties for nanometric matter, such as heat dissipation, temperature, 
and diffusion. 

d) Developing a protection layer of nanometric thickness. 

10.3.2 Approaches to Solvillg the Problems 

We now review our attempts to solve problems 2 (b-d) and 3 in the lists in 
the previous subsection. 

10.3.2.1 Structure of the Read-Out Head 

The solid line in Fig. 10.14 shows the calculated relation between the through
put of the probe and the data transmission rate. The assumptions for this 
calculation are: (1) the read-out signal is the light scattered from the surface 
of the medium; (2) use of a pulse code modulation (PCM); (3) the bit er
ror rate is 1 x 10-12 , which is due to the shot noise in the detected light of 
600 nm wavelength; (4) a fiber probe is used as a read-out head; (5) the light 
power coupled from the light source to the fiber is 1 m W, which is below the 
threshold of thermal damage to the probe; (6) the contrast of the scattered 
light intensity(i.e., the ratio of the light intensities scattered at the stored pit 
and at the unstored medium surface) is 0.1. This value is estimated from the 
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Fig. 10.14. Relation between the throughput of the probe and the PCM read-out 
data transmission rate needed to maintain a bit error rate as low as 1 x 10-12 • 

Solid and broken lines indicates the use of a single fiber probe and a probe array, 
respectively. The meshed area represents the value of the throughput of our fiber 
probes (cf. Fig. 4.14) 

experimental results of our photon-mode storage/read-out [27], and can also 
be applicable to the heat-mode storage/read-out. 

The meshed area in this figure represents the value of the throughput 
of our fiber probes, which is roughly in the range 1 x 10-5 to 1 X 10-3 

(cf. Fig. 4.14). From a comparison between the meshed area and the solid 
line, the expected data transmission rate is only about 50 Mb/s. This means 
that a novel read-out head is required because the data transmission rate 
should be increased to as high as 1 Gb/inch2 in order to be compatible with 
the 1 Tb/inch2 density storage which is expected in the future. One way of 
realizing such a high-speed read-out head is to develop a two-dimensional 
planar probe array, as shown in Fig. 10.15 [30j. The scanning speed v of this 
array is given by v = sr/n, where s is the separation between the adjacent 
stored pits, r is the data transmission rate, and n is the number of apertures 
in the array. By substituting typical values for 1 Tb/inch2 density (i.e., s = 
25 nm, r = 1 Gb/s, and n = 100 x 100) into this relation, we obtain v = 
2.5 mm/s, which is a reasonable value that could be realized even by using a 
conventional scanning actuator. The broken line in Fig. 10.14 represents the 
data transmission rate using this array. In the case of a single fiber probe 
(n = 1), note that the value of v is 25 mIs, which is too large to be realized 
by a conventional scanning actuator. 

The two-dimensional planar probe array in Fig. 10.15 has further ad
vantages, not only a reduction in the scanning speed. These are: (1) the 
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Fig. 10.15. Profile of t.he two-dimensional planar probe array with apertures on a 
silicon substrate. a Top view. b Cross-sectional view 

separation between the array and the storage medium surface can be kept 
constant due to the fiat bottom surface of the array; (2) the array can be 
smoothly scanned on the storage medium while maintaining a narrow gap, 
e.g., for the use of a lubricant oil film of nanometric thickness to coat on the 
storage medium, as is the case with a contact-type hard disk; (3) track-less 
scanning is possible, as will be described in Sect. 10.3.2.3; (4) integration 
with interfacing devices such as a slab waveguide or a photodetector array is 
possible. 

10.3.2.2 Storage Probe Array 

Figure 10.16a shows schematically how to store and read out the memory. 
The array is scanned over the storage medium surface by sliding on a coated 
lubricant oil film of about 10 nm thickness. The light intensity incident into 
each apert.ure of the array is modulated by a spatial modulator, depending 
on the information to be stored. Thus, the optical near-field intensity on the 
bottom surface of each aperture is modulated to be used for storage. Free
space propagation of the light from the light source to the upper surface of 
the array allows the array to be independent. of the other far-field optical 
components, and t.hus maintain the total weight of the array at a very low 
level. This is advantageous for scanning the array fast. The separation, L, 
between the adjacent apertures has to be larger than the wavelength of the 
incident light in order to avoid interference between the modulated lights in
cident into the adjacent apertures. This large separation is also advantageous 
because no special nanometric fabrication processes are required to prepare 
a photomask for fabricating the array. 

10.3.2.3 Track-less Read-out 

Figure 10.16b shows that the array is scanned along the direction represented 
by the arrow while the axis of the array is tilted with respect to that of the 
two-dimensionally stored pits. The tilt angle is O. The broken lines in this 
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Fig. 10.16. Schematic representation of the storage and read-out. a Set-up for 
storage by using a spatially modulated propagating light incident into the probe 
array, and for read-out by detecting the scattered light. b Read-out by scanning 
the array with a tilt angle 8. Broken lines represent the scanning trajectories of the 
apertures in the array. L, separation between the adjacent apertures in the array; 
D, separation between the adjacent broken lines 

figure represent the scanning trajectories of the apertures. The separation 
D between adjacent short lines is given by L sin 8. By using a conventional 
focusing lens, scattered lights from the storage medium coming through the 
apertures are separately detected by the photo detector array because the 
separation L is larger than the wavelength of the incident light. By storing the 
temporal sequence of the output electric signals from the detector array into a 
memory circuit, the relation between the light intensity and the position of a 
scatterer (i.e., the stored pit) on the storage medium can be found because the 
scanning speed is known. Thus, the stored pits can be read-out even though 
the separation between the pits is shorter than the aperture separation L. 

Since the aperture diameter d is smaller than the stored pit diameter 
dM , all the spatial Fourier frequency components of the scattered light lower 
than l/dM can be picked up by the array, which enables the user to retrieve 
the spatial distribution of the scattered light intensity along the scanning 
direction. For a lateral scanning direction, however, the sampling theorem 
ensures complete regeneration if D S dM /2. In the case where s = 25 nm 
and n = 100 x 100, as in Sect. 10.3.2.1, the size of the array is maintained 
as low as 250 j.tmx250 j.tm. Further, the inaccuracy in scanning trajectory 
control can be as large as several 10 j.tm. Therefore, by storing the positions 
of the pits aligned lateral to the scanning direction in an auxiliary memory 
circuit, the positions of the stored pits can be found and accessed by the SR 
head. This means that a tracking servo-control of the array is not essential. 
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A more reliable read-out can be expected by adding error-correcting codes 
along and lateral to the scanning direction, as well as using the interleave 
technique. A track-less read-out similar to that in Fig. 10.16b has also been 
proposed using a vertical cavity surface-emitting diode laser array as the 
read-out head [31] . 

10.3.3 Fabrication of a Two-Dimensional Planar Probe Array 

We have fabricated a two-dimensional planar probe array by anisotropic etch
ing of a silicon substrate [30J . The concave pyramids in Fig. 10.15 are formed 
by using the difference in etching rates along the (100) and (111) axes of the 
crystal. The nanometric hole formed at the bottom of the concave pyramid 
is used as an aperture. The slope of the pyramid (i.e., 70.5°) is governed by 
the direction of the (111) axis. The aperture size, d, is determined by the 
thickness t of the substrate and the size of the upper surface of the concave 
pyramid, w, which is given by d = w - "f2t. The accuracy of w depends 
on that of the lithography. In order to maintain the homogeneity and the 
accuracy of t at a sufficiently high level, we used a SOl (silicon on insula
tor) substrate in which a Si02 layer is buried. That is, we used an insulator 
substrate as a blocking layer to inhibit further etching. After forming the 
apertures, the slopes are coated with a gold film. The aperture size d is also 
determined by the thickness of the gold film coating. 

I 
t+-

(a) 

-+1 I+-

60nm 

(b) 
Fig. 10.17. SEM micrograph of a fabricated array. a Top view. b Bottom view of 
the smallest aperture 
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Fig. 10.18. a, b Cross sectional structure and SEM micrograph, respectively, of 
the array with a glass ball lens. c, d Measured spatial distribution of the output 
light from the aperture in arrays with and without a ball lens, respectively 

The advantage of this process is that the aperture array is fabricated effec
tively and homogeneously by using only the established technique of lithog
raphy for the silicon planar process, even though the size of the aperture is 
smaller than the resolution limit of lithography. A conventional photomask 
technique can maintain the accuracy of the separation L sufficiently for track
less read-out because the value of L is larger than the optical wavelength, 
Fluctuations of the aperture size d may induce fluctuations of the scattered 
light intensity from each aperture, which may decrease the signal-to-noise 
ratio for signal detection. However, this decrease can be avoided by appro
priately adjusting the threshold level to detect the temporal signal sequence. 

The quadratic apertures were fabricated reproducibly. Figure 10.17a 
shows a SEM micrograph of a fabricated array, where the value of L was 
fixed to be as large as 30 J.lm as a preliminary experiment. The aperture size 
d is 200 nm after a coating of a 50 nm-thick gold film . It should be noted 
that an array with an aperture size d as small as 60 nm is also fabricated (see 
Fig. 10.17b). 
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By irradiating light on the upper surface of the array, the spatial distri
bution of the output light at the bottom surface of the array is measured 
by using an experimental set-up equivalent to Fig. 4.6. The result shows a 
single peaked distribution on the aperture, by which a reliable generation of 
the optical near field was confirmed. The power density of the output light 
is found to be nearly equal to that of the incident light at the upper surface 
of the array, by which the throughput of the array is confirmed to be as high 
as that of the double-tapered probe in Sect. 4.3.l. 

To increase the throughput, we installed a glass ball lens into the slope 
of the convex pyramid so that the incident light was focused onto the aper
ture [30]. Figure 10.18a and b show the cross-sectional structure and a SEM 
micrograph, respectively, of the fabricated array. Figure 10.18c shows the 
spatial distribution of the output light measured by the method described 
above. Figure 10.18d shows the distribution measured without a ball lens. A 
comparison between Fig. 10.18c and d shows that the use of a ball lens in
creases the light intensity by as much as 16 times, from which highly efficient 
storage and a high-speed read-out are expected. 
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Chapter 11 

N ear-Field Optical Atom Manipulation: 
Toward Atom Photonics 

11.1 Introduction 

Precise control of atomic motion is an up-to-date and important subject 
not only for atomic physics, including high-resolution laser spectroscopy, but 
also for the sophisticated technology of crystal growth. Since an optical near 
field can be localized in a nanometric region, it is very suitable for atom 
manipulation with high spatial accuracy. This chapter covers several methods 
of guiding and manipulating atoms by means of an optical near field. First, 
before discussing details, we will give an outline of the control of atomic 
motion based on the near-resonant mechanical interaction between an atom 
and an optical near field. 

11.1.1 Control of Gaseous Atoms: From Far Field to Near Field 

Each individual atom of a gas is moving at random at a high speed: heavy 
atoms of alkali-metal vapor such as rubidium (Rb) or cesium (Cs) are ballis
tically flying with a mean velocity of several hundred meters per second, even 
at room temperature. As is well known, the only way of controlling thermal 
atoms without charges is to use laser light because electric and magnetic fields 
exert no powerful force on neutral atoms. In the last two decades, immense 
progress has been made in the control of atomic motion with near-resonant 
laser light, as in the development offrequency-tunable lasers, including diode 
lasers. 

The mechanical action of light on atoms consists of two parts: the dissipa
tive part (the radiation pressure), and the reactive part (the dipole force) [1]. 
Although the major subject of this chapter concerns the dipole force of the 
optical near field on atoms, we will also refer briefly to the force of the prop
agating light on atoms for comparison. The effectiveness of the radiation 
pressure, which is sometimes called the spontaneous force, has been proved 
in the laser cooling of neutral atoms [2]. Let us consider the case where an 
atom is moving at a velocity v against a laser light beam with a wavenumber 
k. When the laser frequency WL is taken to be kv lower than the resonant fre
quency Wo of an atomic dipole transition in proportion to the atomic Doppler 
shift kv, the atom absorbs a photon of the laser light and then spontaneously 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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emits a photon in a random direction. Then, if the absorption-spontaneous 
emission cycle is repeated many times, the atom takes a net force statistically, 
i.e., the radiation pressure, so that it loses its momentum in the direction of 
light propagation. This leads us to the fact that if we adjust the frequency de
tuning of the laser light in accordance with the change of the atomic Doppler 
shift, we can continuously reduce the atomic velocity. This is called Doppler 
cooling. 

In addition, based on Doppler cooling, we can make a magneto-optical 
trap (MOT) composed of three pairs of two counterpropagating circularly 
polarized light beams orthogonalized to one another and anti-Helmholtz 
coils [2, 3]. Such an MOT produces a highly dense atomic ensemble with 
a mean temperature below 100 J.tK and a diameter of about 1 mm in the cen
ter of the trap. Recently, an atomic gas has been cooled to below 100 nK in an 
elaborate magnetic trap, which follows the MOT, with evaporative cooling. 
As a result, the Bose-Einstein condensation of an alkali-metal atomic gas has 
been realized for the first time [4]. In recognition of their pioneering work 
on laser cooling, S. Chu of Stanford University, C. Cohen-Tannoudji of the 
College de France, and W. D. Phillips of the National Institute of Standards 
and Technology were awarded the 1997 Nobel prize for physics. 

The dipole force of propagating light has also been employed for the col
limation of an atomic beam. In particular, a standing wave composed of two 
counterpropagating light beams works as a lens, and as a diffraction grating 
or a beam splitter for an atomic beam. This research area is called atom op
tics [5, 6]. It should be noted that the dipole force acts in the direction that 
the light intensity changes, while the radiation pressure acts in the direction 
that the light propagates. The strength of the dipole force is in proportion 
to the gradient of the light intensity. We will describe the characteristics of 
the dipole force in the next subsection. 

Now, let us return to the subject of this chapter. Although the MOT 
" is very useful for collecting ultracold atoms in a momentum-position phase 

space, it has no function to control atomic position with a precision below 
a wavelength. The traditional atom-optical methods with propagating light 
do not work for the precise control of atomic motion either. This stems from 
the fact that the use of propagating light is limited to the spatial accuracy 
of atom manipulation, which is determined by the wavelength used, owing 
to diffraction. Conversely, an optical near field has the advantage of being 
free from the diffraction effect. Therefore, we can use the optical near field 
to control atoms with high spatial accuracy beyond the diffraction limit of 
light waves. 

Here, recall that the strength of the dipole force is in proportion to the 
gradient of the light intensity. Since the optical near field exponentially decays 
in a region below a wavelength, in which the decay length depends on the 
size of the substances (cf. Sect. 2.1), it exerts a strong dipole force on atoms. 
Accordingly, studies in the control of atomic motion using the optical near 
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field deal with the near-resonant dipole interaction. In the subsections that 
follow a short review of the dipole force, we will see the developing process 
of atom manipulation by means of the optical near field, in which the spatial 
accuracy is increased from the wavelength level to the nanometer level. 

11.1.2 Dipole Force 

According to the quantum mechanics of atoms [7], an atom possesses a fine 
structure made up of discrete energy levels, owing to the coupling J = L + S 
of the orbital angular momentum L with the spin angular momentum S 
of electrons around a nucleus: the fine energy levels are classified with the 
quantum number J = IL + 51, IL + 5 - 11, .. " IL - 51· Moreover, each 
fine energy level branches into some hyperfine levels due to the coupling 
F = J + I of the electron angular momentum J with the nuclear spin 
momentum I: the hyperfine levels are labeled with the quantum number 
F = IJ + JI, IJ + I -11, .. " IJ - II. After Sect. 11.3, we use the sign nXJ 
to represent the atomic fine energy levels with a principal quantum number 
n, where X is written as S for L = 0, P for L = 1, D for L = 2, etc. For 
example, the ground state of a Rb atom with a mass number 85 (85Rb) is 
expressed as 5S1/ 2 . 

As is well known, an atom can absorb a photon of light with a frequency 
equivalent to an energy difference between the two hyperfine energy levels. 
On this occasion, the atom is polarized so that an electric dipole moment is 
induced. The dipole force originates from the fact that the electric field of the 
light operates on the induced electric dipole: if the light intensity is spatially 
inhomogeneous, there is a net force on the atom. Since the net force is in 
proportion to the intensity gradient of the light field, it is sometimes called 
the gradient force. 

The direction of the dipole force F d depends on the detuning IS = WL - Wo 
of the light frequency WL from an atomic resonant frequency woo Here, for 
simplicity, let us consider a two-level atom. The two-level atom picture is a 
good approximation of the alkali-metal atoms such as Rb employed in the 
following experiments. In the case where a dipole moment with a matrix 
element jJ is induced by light with an electric field amplitude E, the dipole 
force on the two-level atom is written as [1, 8] 

hJ\lQ2 

F d = - 402 + r2 + 2Q2 (11.1) 

where r is a naturallinewidth of the atomic dipole transition, and Q = JlE / h 
is an atomic Rabi frequency. From Eq. 11.1, we can see that the dipole force 
works in the direction where the light intensity becomes weak if IS > 0, while 
the direction is opposite if IS < 0: the dipole force is repulsive under a blue
detuning condition of IS > 0, but attractive under a red-detuning condition 
of IS < 0. This frequency dispersion properties of the dipole force are shown 
in Fig. ILia. 
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(a) 
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V 
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Fig. 11.1. a Dipole force Fd as a function of the light frequency WL, in which Wo 

is an atomic resonant frequency. The dipole force is repulsive in the blue-detuning 
region but attractive in the red-detuning region. b Atomic quantum sheet: reflection 
of an atom by a planar optical near field induced over the surface of a prism via 
total internal reflection of a blue-detuned light beam 

11.1.3 Atomic Quantum Sheets: Atom ReHection Using a Planar 
Optical Near Field 

By using the dipole force produced on atoms by an optical near field, we 
can make an atomic quantum sheet (AQS) as shown in Fig. 11.1b. The AQS 
is induced over the surface of a prism via total internal reflection of a blue
detuned light beam at the glass-vacuum interface. Such a planar optical near 
field leaked from the surface is often called an evanescent wave. If the light
field intensity is sufficiently strong and a proper blue detuning is chosen, an 
atom approaching the prism from the vacuum side is reflected without hitting 
the surface. It should be noted that when an alkali-metal atom such as Rb 
collides with a dielectric surface, it will stick there with a high probability. 
In this way, the planar optical near field acts as an atomic mirror, so that it 
is used for two-dimensional manipulation of atoms. 

Let us consider the case where a light beam with an incident power Po 
and a wavelength oX shines on the surface of a prism with a refractive in
dex n at an incident angle B lager than the critical angle of total internal 
reflection. Then, as a function of the distance 7' from the surface, the in
tensity of the optical near field is given by P(r) = Po exp( -27,/ A), where 

A = (oX/27r)/Vn2 sin2 B-1 is the decay length [8, 9]. In this case, from 
Eq. 11.1, the dipole force is written as [8, 10] 

2hLlO(r)2 / A 
Fd(r) = 4Ll2 + r2 + 20(1')2 (11.2) 

where Ll = wL-wo-ktvz is the frequency detuning including the Doppler shift 
ktvz due to the atomic velocity Vz along the surface, and kt = (wL/c)nsinB 
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is the propagation constant. The position dependent Rabi frequency !1(r) 
can be also given by !1(r) = JP(r)/2Psatr, where Psat = hrwVl27rc2 

is the saturation intensity of the atomic dipole transition. Equation 11.2 
indicates that the optical near field produced over a dielectric plane fades 
away exponentially with the decay length A. 

The first demonstration of an AQS was made with a thermal atomic beam 
of sodium (Na) [10], and then multiple bouncing on the AQS was performed 
with laser-cooled Cs atoms released from an MOT [11-13]. Recently, the AQS 
has been applied to observation of the van der Waals interaction between a 
ground-state Cs atom and a dielectric plane [14]. Incidentally, the specular re
flection of atoms can be enhanced with a metal coating on the prism surface 
due to surface-plasmon excitation. An experiment with a surface-plasmon 
AQS has been also demonstrated with a thermal Rb beam [15]. These exper
iments in atom optics including the AQS are usually carried out at a vacuum 
pressure below 10-6 Pa. 

11.1.4 Atomic Quantum Wires: Atom Guidallce USillg a 
Cylilldrical Optical Near Field 

For enhancement of the manipulation accuracy as compared with an AQS, an 
optical near field induced in a narrow space is required. To this end, hollow 
optical fibers are available. In fact, the guiding of neutral atoms has been 
demonstrated by means of a hollow optical fiber. Figure 11.2 shows a way 
of sending atoms down a hollow fiber escorted by a cylindrical optical near 
field. When a blue-detuned light beam is coupled to a hollow fiber, an optical 
near field leaks to the hollow region so that an optical tunnel to reflect atoms 
is induced around the inner wall. Then atoms entering the hollow region are 
guided through the hollow fiber without much loss, bouncing off the optical 
tunnel many times. This scheme enables one to one-dimensionally manipulate 
atoms: in other words, the cylindrical optical near field works as an atomic 
quantum wire (AQW). 

Following some theoretical work [16-18], experiments with an AQW have 
been demonstrated with a 20-l'm hollow fiber having no cladding by Renn et 
al. [19], and independently with a micron-sized hollow optical fiber having an 
annular structure composed of a thin core and a cladding by Ito et al. [20]. In 
the latter experiment, the laser spectroscopy of the guided atoms was made 
by means of two-step laser-phot.oionization. The photoionization experiments 
will be described in Sects. 11.3 and 11.4. Another scheme for an AQW with 
an optical neal' field has been proposed by Jhe et al. [21], in which atoms 
are guided through a narrow vacant region surrounded by four excentric-core 
optical fibers. This experiment has not yet been carried out. 

There is another type of AQW with a far-field light whose frequency is 
red-detuned [8, 22]. This scheme is based on the fact that a hollow fiber can 
support grazing incident electromagnetic modes propagating in the hollow 
region, although they are very leaky. The transverse profile of the lowest 
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Fig. 11.2. Atomic quantum wire: at.om guidance with a hollow optical fiber. The 
coupling of a blue-detuned light beam to a hollow fiber gives rise to excitation of a 
cylindrical near field working as an optical turmel to guide atoms 

order, the EHll mode, of such propagating modes with a wavenumber k and 
a propagation constant j3 includes the zeroth order Bessel function of the first 
kind Jo(up), so that the light intensity is maximum along the hollow axis, 
where u = ..jn2k2 - j32 and p are the transverse characteristic constant and 
the radial coordinate, respectively. Therefore, atoms are drawn to the axis by 
the attractive dipole force under a red-detuning condition. The AQW with a 
far field has been also demonst.rated by Renn et al. [23]. 

In spite of the successful guiding of atoms, the AQW with a far field 
has significant drawbacks. Atoms are always exposed to the strong light field 
so that. they undergo heating by multiple spontaneous emission events. In 
addition, the propagating modes exponentially decay away as they propagate, 
because of loss by total internal reflection and the loose and grazing incident 
confinement. This indicates that we cannot make the hollow diameter of the 
far-field AQW smaller, compared with the near-field AQW. Therefore, the 
scheme of the far-field AQW is not suitable for the precise control of atomic 
motion. 

11.1.5 Atomic Quantum Dots: Atom Manipulation Using a 
Localized Optical Near Field 

The AQW has greatly improved the spatial accuracy of atomic control. How
ever, the optical near field induced over the inner-wall surface of a hollow 
fiber is not necessarily localized in a region far below a wavelength. As shown 
in the next section, the transverse profile of the lowest order, the LPol mode, 
of the optical near field has the zeroth order modified Bessel function Io(vp) 
of the first kind, where v = ..j j32 - k2 is the transverse decay constant. From 
this, assuming a wavelength). = 780 nm for guiding Rb atoms, we can see 
that the field intensity inside the hollow region is almost homogeneous in a 
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region below about 100 nm, and as a result the effective optical potential to 
reflect atoms cannot be produced in the case of a hollow fiber with a hollow 
diameter below 100 nm. 

Let uS now consider the use of a three-dimensionally localized optical 
near field for the purpose of atom manipulation with a nanometric spatial 
accuracy. Important to this idea is the fact that an optical near field can 
be produced in an extremely narrow space below a wavelength without a 
diffraction limit. For example, the optical near field localized in a nanometer 
region can be induced over the tip of a sharpened fiber with a small apex. 
Such a nanometric sharpened fiber supporting the localized optical near field 
has the potential for trapping an atom in a narrow region, which leads to 
single-atom manipulation. Therefore, we can call the nanometric near-field 
optical device an atomic quantum dot (AQD). 

The original idea of trapping an atom near the hemispherical tip of a 
sharpened fiber was proposed by Ohtsu and Hori and their collaborators [24]. 
In that scheme with a red-detuned optical neal' field to make a stable atom 
trap, we must balance three kinds of forces: the attractive dipole force in the 
radial direction of a spherical coordinate system with respect to the hemi
spherical tip, the radiation pressure in the polar-angle direction, and the 
centrifugal force around the polar axis. Although this atom trap works well 
if the radius of curvature is chosen so that the balance condition is satisfied, 
there is still a significant problem: that is, we must also take into account 
the influence of the cavity quantum electrodynamic (QED) effects, including 
the van der Waals and Casimir-Polder forces, because they can be greatly 
enhanced in the vicinity of the nanometric tip. Such being the case, we will 
now introduce new static atom traps composed of sharpened optical fibers 
together with a scheme of atomic deflection. These schemes include the dipole 
force and the van der Waals force as one of the cavity QED effects, in which 
the frequency detuning is large enough to ensure that the spontaneous emis
sion event seldom occurs. 

Figure 11.3 illustrates atom manipulation by means of an AQD with a 
sharpened optical fiber: a is the atomic deflection, and b is the catch and 
release of an atom. In Fig. 11.3a, the repulsive dipole force produced by a blue
detuned optical near field changes the path of the atomic ballistic motion. 
On the other hand, an atom trap, as shown in Fig. 11.3b, is based on the 
balance between the repulsive dipole force and the attractive van der Waals 
force, in which an atom is trapped around the point where the potential is 
minimum. In this atom trap, by changing the frequency detuning and the light 
intensity, we can also release the trapped atom. This technique will be very 
useful for creating atomic-scale matters. The advanced techniques of atom 
manipulation with sharpened optical fibers will be described in Sect. 11.6. 
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(a) (b) 
Fig. 11.3. Atomic quantum dot: atom manipulation with a sharpened optical fiber: 
a atomic deflection by a blue-detuned optical near field, and b atom trap with a 
function to catch and release an atom. The potential produced near the nanometric 
tip consists of the repulsive dipole force and the attractive van der Waals force 

11.2 Cylindrical Optical Near Field for Atomic 
Quantum Wires 

As we have pointed out, the scheme of AQW with a blue-detuned optical 
near field enables one to use a small hollow optical fiber with a wavelength
scale hollow diameter for atom guidance. In fact, four kinds of micron-sized 
hollow fibers, whose hollow diameters are 7, 2, 1.4, and 0.3 J-lm, have been 
employed for guiding Rb atoms with the D2 line whose wavelength is 780 nm. 
Each of these hollow optical fibers, which is similar to one with an outer 
diameter of 125 J-lm for communication uses, has a triple structure where a 
thin (2-4 pm) cylindrical core with propagating modes and a cladding are 
annularly arranged around a hollow region [17, 18, 25]. In this section, we 
analyze the light field in such a hollow fiber to examine the optical near field 
required for AQW. We first discuss the exact light-field modes, and then 
shift to a simplified expression of the light field based on the weakly guiding 
approximation (WGA) with linearly polarized (LP) modes. As a consequence, 
it is shown that the HE11 mode, or approximately the LP01 mode, is suitable 
for guiding atoms. 

11.2.1 Exact Light-Field Modes in Hollow Optical Fibers 

Let us consider the light field in a cylindrical coordinate system (p, if>, z), in 
which the z axis is taken along the center axis of a hollow optical fiber with 
a hollow diameter 2a and a core thickness d. When a light beam with a wave 
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number k is coupled to the hollow fiber, the longitudinal component Ez of 
the electric field follows the next Maxwell equation [26, 27], 

82 Ez ! 8Ez 2- 82 Ez (2k2 _ (32)E = 0 
8 2+ 8 + 282+n z p p p p p 

(11.3) 

where f3 is a propagation constant, and n is the refractive index. We get a 
similar equation for the longitudinal component Hz of the magnetic field. 
The solutions satisfying Eq. 11.3 are given by 

{ 
AtIm(vp) cos(m~ + cp) (p < a) 

Ez(p,~) = (A2Jm(ttp) + A3Nm{ttp)) cos(m~ + cp) (a::s P::S a + d) 
A4Km{WP) cos(m~ + cp) (p> a + d) 

(11.4) 
where cp is an arbitrary phase constant. The four functions, Jm{ttp), Nm{ttp), 
Im(vp), and Km{wp) are the m-th order Bessel and modified Bessel func
tions of the first and second kinds, respectively. Assuming that the refractive 
indices of the hollow region, the core, and the cladding are 1 (vacuum), 
nt, and n2, respectively, we get three transverse characteristic constants 
u = In?k2 - f32, V = Jf32 - k2, and w = Jf32 - n~k2. We also obtain 
similar solutions for the longitudinal magnetic component Hz(p, ~) by replac
ing cos(m~ + cp) by sin(m~ + cp). The other components Ep{p, ~), E",(p, ~), 
Hp(p,~), and H",(p,~) can be derived from the longitudinal ones Ez(p,~) 
and Hz(p, ~). On the other hand, the four coefficients At. A2, A3 , and A4 
are determined by the boundary conditions at p = a and p = a + d, and the 
conservation law of the power transmitted through the hollow fiber. 

The continuity conditions with respect to the tangential components 
Ez(p, ~), E",{p, ~), Hz{p,~), and H",(p,~) at p = a and p = b = a + d 
lead us to a secular equation. Then, the secular equation yields the following 
dispersion equation [17] describing the hybrid modes such as the HE and EH 
modes [26]: 



226 11. Near-Field Optical Atom Manipulation: Toward Atom Photonics 

(11.5) 

where prime denotes differentiation with respect to p, and the two factors 
[TE] and [TM] are given by 

[TE] = [~J~(ua) + ~ ~:~~:~ Jm(ua)] 

[ 1 I ( ) 1 K~ ( wb ) (b)] ;Nm ub + ;Km(wb)Nm u 

[ 1 I ( ) 1I~ ( va ) ()] 
;Nm ua +;;- Im(va) Nm ua 

[~J~(Ub) + ~~:~::~Jm(Ub)] (11.6) 

and 

[TM] = [:~J~(ua) + ~~:~~:~Jm(ua)] 
[n~N' (b) np(~(wb)N ( b)] 

u m U + W Km (wb) m u 

_ [n~N' ( ) ! 1~(va)N ( )] 
m ua + I ( ) m ua u V m va 

[ n~J' (b) n~ K~(wb) J ( b)] 
u m U + W Km (wb) m u (11.7) 

In addition, two equations, [TE] = 0 and [TM] = 0, yield the TE and TM 
modes, respectively. 
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In the case of guiding Rb atoms, we use the D2 line with a wavelength of 
780 nm. As an example, let us take a silica-glass hollow fiber with 2a = 7 I'm, 
d = 3.8 I'm, and n2 = 1.45, in which the core is germanium-doped so that 
the relative refractive index difference ..1n = (n~ - n~)/2n~ is equal to 0.18%. 
From Eqs. 11.5-11.7, we see that six propagating modes, TEol , TMol, HEll, 
HE21, HE31, and EHll , can be excited for the wavelength 780 nm (see also 
Fig. 11.4). The lowest mode is the HEll mode. The TEol , TMo1, and HE2l 
modes have almost the same dispersion curve, so they make up the second 
group of propagating modes. In the same way, the EHll and HE3l modes 
make up the third group. 

We can also obtain cut.off frequencies of the hybrid modes from the next 
equation [17]: 

(11.8) 

On the other hand, the two equations set to zero on the first and second 
factors ofthe left-hand side of Eq. 11.8 yield the cutoff frequencies of the TE 
and TM modes, respectively. 

11.2.2 Approximate Light-Field Modes in Hollow Optical Fibers 

As mentioned above, the exact light-field modes are divided into several 
groups. Therefore, each group of the exact modes can be approximately ex
pressed with a proper mode. This results from the fact that the relative re
fractive index difference ..1n between the core and the cladding is very small: 
the small relative refractive index difference guarantees the applicability of 
the WGA [26] to the present case. This approximation greatly simplifies the 
analysis of the light-field modes and the estimation of the optical potential 
mentioned in Sect. 11.3. 

Under the WGA, the amplitude vector Eo of the electric field can be 
divided into two components, the longitudinal one Ez and the transverse 
one E t , in a cylindrical coordinate system (p, ¢, z): Eo(p, ¢) = Ez(p, ¢) + 
Et(p, ¢) at a position z. Moreover, the transverse component E t can be 
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written as either (Ex, 0) or (0, Ey) in accordance with the direction of the 
linear polarization. What we should note is that the WGA leads to the LP 
modes [26]. We then get a scalar equation for the transverse component Ei 
(i = x or y), 

\1 2 Ei(p, ¢) + (n 2k 2 - (32) Ei(p, ¢) = 0 

This equation yields a solution written as 

Ei(p, ¢) = E(p) cos(m¢ + 'P) 

where the radial part E(p) follows the next Maxwell equation 

d2 E(p) + ~ dE(p) + (n2k2 _ (32 _ rn2 )E(p) = 0 
dp2 P dp p2 

From Eq. 11.11 we get the radial part E(p) as follows: 

{ 
Bllm(vp) (p < a) 

E(p) = (B2Jm(Up) + B3Nm(up)) (a::; p::; a + d) 
B4Km(WP) (p> a + d) 

(11.9) 

(11.10) 

(11.11) 

(11.12) 

where the four coefficients Bl , B2, B3, and B4 are determined by boundary 
conditions at p = a and p = a.+d, and the conservation law of the transmission 
power. We also get similar solutions for the magnetic field. 

From a secular equation coming from continuity conditions at the bound
aries p = a and p = b = a + d, we derive a dispersion equation describing the 
LP modes as [18] 

[ Jm(ua) u J:n(ua)] [Nm(Ub) u N:n(Ub)] 
Im(va) v I~(va) Km(wb) w K~(wb) 

[Nm(ua) _ ~ N~(ua)] [Jm{ub) _ ~ J:n(ub) ] (11.13) 
Im(va) v I~(va) Km(wb) w K~(wb) 

The dispersion equation 11.13 yields the LPml modes (rn = 0,1,2, ... ) 
for the hollow fibers considered here. This result reflects the situation that 
both the hollow diameter and the core thickness are small enough to be only 
a few times as large as a wavelength. In fact, from the numerical analysis of 
Eq. 11.13, we see that three LP modes can be excited in the 7-J-Im hollow fiber 
for a wavelength of 780 nm. Figure l1.4a shows the dispersion curves with 
respect to several lower modes. The solid circles indicate the three LP modes: 
the LPOl mode, the LP u mode, and the LP2l mode. Comparing the results 
derived from the numerical analysis of the exact modes with Eqs. 11.5-11. 7, 
we find that: (1) the LPOl mode is approximately equal to the HEll mode, 
(2) the LPll mode is made up of the TEol , TMol , and HE2l modes, and 
(3) the LP2l mode is made up of the EHll and HE3l modes. It should be 
noted that in Fig. 11.4a, the points where each dispersion curve intersects the 
horizontal axis indicate the cutoff frequencies. According to Eq. 11.13, the 
7- and 2-J-Im hollow fibers are multimode, while the 1.4- and 0.3-J-Im hollow 
fibers are single-mode. 
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(b) 

(c) (d) 
Fig. 11.4. a Dispersion curves of the propagating modes for a wavelength of 780 nm 
in a 7-l-'m hollow optical fiber with a core thickness of 3.8 I-'m and a relative re
ffilctive index difference of 0.18%. b LP01 mode, c LP" mode, and d LP21 mode. 
These cross-sectional patterns are taken with a CCD camera 

11.2.3 Field Intensity of the LP Modes 

We can evaluate the field intensity P(p, 4J) by calculating the z component of 
the time-averaged Poynting vector Sz defined as [26] 

Sz = ~(E x H*) . ez = ~(EpH; - E,pH;) (11.14) 

where ez is a unit vector in the z axis. Substituting Eq. 11.10 and the corre
sponding equation for the magnetic field into Eq. 11.14, we get the transverse 
intensity profile P(p, 4J) of the LP ml mode as follows: 

(p < a) 
(a:5p:5 a+ d) 
(p> a + d) 

(11.15) 
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where a = f3 j2WLJ.10 with the magnetic permiability J.10 of the vacuum. 
Figure 11.4b-d show the cross-sectional mode-patterns of the 7 -J.1m hollow 

fiber: b is the LPol mode, c is the LP u mode, and d is the LP2l mode. 
These LP modes are excited with a Ti:sapphire laser tuned to a wavelength 
of 780 nm. Note that we can selectively excite one of these LP modes by 
adjusting the incident angle of the laser beam. These CCD camera images 
show that the LPol mode is suitable for guiding atoms: the LPol mode has 
no nodes around the inner wall of a hollow fiber, as shown in Fig. 11.4b. 
In the next section, we will estimate the optical potential produced by the 
blue-detuned optical near field to guide Rb atoms with Eq. 11.15. 

11.3 Atomic Quantum Wires 

This section deals with the near-field optical guidance of a thermal Rb atomic 
beam through a hollow fiber. First, we refer to the optical potential produced 
by the blue-detuned optical near field on the Rb atoms. Second, we describe 
the laser spectroscopy of the guided atoms with two-step photoionization. The 
photoionization spectrum shows the frequency dispersion properties of the 
dipole force. We will then touch on the cavity QED effects in a micron-sized 
hollow fiber which works as a kind of dielectric cylindrical cavity to confine 
atoms. This gives an example of applications of the AQW in unexplored 
fields of research in quantum mechanical or quantum optical phenomena. 
Finally, we present an advanced guidance scheme for an AQW composed of a 
slantwise-polished hollow fiber in which a guide light beam is coupled to the 
core of the hollow fiber with a 45°-cut edge directly from the side via total 
internal reflection. This enables one to use t.he AQW together with additional 
atom-optical devices such as an atomic funnel, discussed in Sect. 11.5. 

11.3.1 Near-Field Optical Potential 

In accordance with experimental purposes, various kinds of hollow optical 
fibers are available. In this and subsequent sections, four kinds of hollow 
fiber with different hollow diameters and core thicknesses are employed. As 
mentioned already, all of these hollow fibers support LP ml modes for the 
guide-wavelength of 780 nm. From Eq. 11.15, the transverse intensity profile 
Ponf(p, <p) of the optical near field with the LP ml mode induced in the hollow 
region is given by 

(11.16) 

where an arbitrary phase constant cp is taken as zero. 
If the detuning of a laser frequency WL from an atomic resonant frequency 

Wo is large enough so that the spontaneous emission per bounce is negligible, 
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the two-level atomic system can be applied to alkali-metal atoms such as Rb. 
In this case, the optical potential Uopt(p, fjJ) of the dipole force on an atom 
with a longitudinal velocity Vz is written as [1, 8] 

(11.17) 

where Ll = WL -Wo - (3vz is a frequency detuning including an atomic Doppler 
shift kvz along the center axis of the hollow fiber. The saturation power Psat 

and the naturallinewidth r are equal to 1.6 mW Icm2 and 211" x 6.1 MHz, 
respectively, for the Rb D2 line. 

Substituting Eq. 11.16 into Eq. 11.17, we can estimate the optical po
tential U::;,t(p, fjJ) of the LPm1 modes. Hereafter, the LP01 mode, which is 
suitable for atom guidance, is considered. Note that Eq. 11.16 yields a some
what higher optical potential than that obtained from an exact mode such as 
the HEll mode. This comes from the fact that the WGA is not good across 
the core-hollow interface because the refractive index difference between the 
core and the hollow (vacuum) is not necessarily small: the LP modes bring 
about a leak in the optical near field over a longer distance from the inner 
wall surface than in the case of the exact modes, so that the potential barrier 
is higher. Nevertheless, Eq. 11.16 is very useful for a rough estimate of the 
experimental results. In fact, as shown in Fig. 11.4, the experimental obser
vation of the field intensity profile supports representation with the LP ml 

modes for the present hollow fibers. 

11.3.2 Laser Spectroscopy of Guided Atoms with Two-Step 
Photoionizatioll 

A collimated thermal atomic beam is a good source for a demonstration of 
the AQW. The incoming atoms have a mean longitudinal velocity of more 
than 100 mls along a hollow fiber. On the other hand, the mean transverse 
velocity approaching the inner wall is small enough that many atoms can 
be reflected by a blue-detuned optical near field produced under feasible 
experimental conditions. However, the use of such a thermal atomic beam 
gives rise to difficulties with the detection of the guided atoms owing to the 
large atomic transmission velocity and the small atom flux. This difficulty can 
be resolved by io~ization detection. There are two ionization methods: (1) 
photoionization, and (2) surface ionization. In this section, we focus on laser
spectroscopic experiments by way of two-step photoionization. In Sect. 11.4, 
we introduce a scheme of surface ionization with a hot wire to examine the 
spatial distribution of a guided atom flux. 

Figure 11.5 schematically shows the experimental set-up employed for 
guiding a Rb atomic beam with a micron-sized hollow optical fiber [20]. In a 
vacuum chamber, a Rb atomic beam from a hot oven collimated through a 
few pinholes is introduced into a hollow optical fiber coaxially placed behind a 
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Lens 
-~I!--

Pinhole mirror Optical 
near field 

Fig. 11.5. Experimental set-up for two-step photoionizaion. A Rb at.omic beam 
from a hot oven is introduced into a straight hollow fiber wit.h a typical length of 
3 cm, while a guide light beam from a Ti:sapphire laser with a wavelength of 780 nm 
is coupled to t.he core. The guided Rb atoms are detected with a channel electron 
multiplier (CEM) applying a high negative bias via two-step photoionization with 
a diode laser and an Ar-ion laser 

pinhole mirror. At a typical oven temperature of 200°C, the mean longitudinal 
transmission velocity ofthe Rb atomic beam is about 300 mis, while the mean 
transverse velocity is estimated to be about 30 cm/ s [28]. In addition, the 
typical incident atom flux is of the order of 106 atom/so Atoms not entering 
the hollow region are blocked by a plate with a pinhole placed just in front 
of the entrance facet of the hollow fiber so that they cannot be observed 
downstream of the fiber. 

A guide-light beam from a Ti:sapphire laser tuned to the Rb D2 line with 
a wavelength of 780 nm is also coupled to the thin core of the hollow fiber 
via the pinhole mirror. In this case, as mentioned in Sect. 11.2, the 7- and 
2-J-lm hollow fibers support three LP modes, LP01 , LP11 , and LP21 , while 
the 1.4- and 0.3-J-lm hollow fibers support only the LP01 mode. In fact, we 
can selectively excite the LP01 mode to make it suitable for guiding atoms 
by adjusting the incident angle of the guide light beam and monitoring the 
mode pattern on the cross section of the exit facet with a CCD camera. The 
typical transmission light power with the LP01 mode is about 100 m W. From 
Eqs. 11.16 and 11.17, we can see that the excitation of the LPol mode with 
a coupling power of 100 m W produces an optical potential of the order of 
10 mK, corresponding to a transverse atomic velocity of about 1 m/s. 

The Rb atoms coming out of the hollow fiber are detected with a CEM 
via two-step photoionization with a diode laser tuned to the Rb D2 line and a 
high-power Ar-ion laser whose wavelength is 476.5 nm. The vacuum pressure 
is kept below 10-6 Pa in the detection region. Two light beams from the diode 
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Fig. 1l.6. Relevant energy levels of two stable Rb isotopes: a 85Rb, and b 87Rb. 
In the two cases of guiding and det.ecting, a the 85Rb atoms in the 5S 1/ 2 , F = 3 
upper ground state, and b the 87Rb atoms in the 5S 1/ 2 , F = 2 upper ground state, 
arrows A, B, and C indicate the frequencies of the guide laser, the diode laser, and 
the Ar-ion laser, respectively. The ionization level is at 4.177 eV above the 5S1/ 2 

ground state 

laser and the Ar-ion laser are introduced from a direction perpendicular to 
the axis of the atomic beam and overlapped downstream of the hollow fiber. 
Note that this scheme leads to Doppler-free spectroscopy of the guided atoms. 
The CEM-applied negative bias of -3 kV, in which the quantum efficiency 
is 0.9, gathers the ionized atoms and sends out pulse signals. The total pulse 
count per second gives the guided atom flux. 

The photoionization is carried out in two steps. (1) The diode laser ex
cites the guided Rb atoms in one of the 5S1/ 2 hyperfine ground states (see 
Sect. 11.1.2 for the meaning of 5S1/ 2) to one of the 5P3/2 hyperfine excited 
states. (2) The Ar-ion laser excites the Rb atoms in the 5P3/ 2 state to the 
ionization level at an energy of 4.177 eV above the 581/ 2 ground state. Keep 
in mind that the atomic beam employed here includes two stable Rb isotopes 
with mass numbers 85 (85Rb) and 87 (87Rb); the natural abundance ratio 
of 85Rb to 87Rb is about 7 to 3 [29]. Figure 11.6 shows the relevant energy 
levels of (a) 85Rb and (b) 87Rb. In addition, as a typical case of guiding and 
detecting 85Rb or 87Rb atoms, the frequencies of the guide laser, the diode 
laser, and the Ar-ion laser are indicated by arrows A, B, and C, respectively. 
The advantage of this two-step photoionization consists in the species- and 
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state-selective det.ection of the guided atoms: we can select the quantum en
ergy state of the guided atoms by tuning the diode laser. Thus, this scheme 
leads to Doppler-free and state-selective spectroscopy of the guided atoms 
with high signal-to-noise ratio. 

4 

- 85 Rb, 581/2 , F=3 .... . 
en 

'<t 
0 ..---X 
::J 

;;:: 

E2 
0 -ca 
"0 
Q) 

.~ Background c:: 
0 transmission 

______ t _______ 
0 -1 0 +1 

Sir (10 3 ) 

Fig. 11.7. Doppler-free two-step photoionization spectrum of the 85Rb atoms in 
the 581/ 2 , F = 3 upper ground state guided through a 7-/-Im hollow fiber over a 
distance of 3 cm. The solid curve shows the ionized atom flux plotted as a flllction 
of normalized blue-detuning ~/r with respect to the 581/ 2 , F = 3 upper ground 
state. The broken line shows a background transmission level without the guide 
light 

Figure 11.7 shows a typical photoionization spectrum of the 85Rb atoms 
guided through a 7-llm hollow fiber over a distance of 3 cm as a function 
of the frequency detuning J of the guide laser normalized to the natural 
linewidth r. Here, note that the frequency detuning J = WL -Wo, which does 
not include the atomic Doppler shift, is measured with respect to the 5S1/ 2 , 

F = 3 upper ground state. In this case, as shown in Fig. l1.6a, since the 
diode laser is tuned to the 5S1/ 2, F = 3 H 5P3/2, F = 4 transition, the 
photoionization signal comes from the 85Rb atoms in the 5S1/ 2 , F = 3 upper 
ground state. 

As expected, the guided atom flux greatly increases in the blue-detuning 
region. In addition, the foot of the photoionization spectrum extends to the 
blue detuning over +20 GHz. Note that the broken line in Fig. 11.7 shows 
the background transmission level without the guide-light beam. When the 
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atomic beam is shut off with a mechanical shutter, or when the diode laser 
is detuned from any hyperfine transition of the Rb D2 line, the background 
level becomes almost zero very rapidly. This fact leads us to the conclusion 
that the background signal must come from the atoms ballistically flying 
through the hollow region. Comparing the maximum value of the guided 
atom flux with the background transmission, we get an enhancement factor 
of 20. From a similar experiment with a 2-J-lm hollow fiber, in which the 
axis of the hollow fiber is slightly tilted against that of the Rb atomic beam, 
a higher enhancement factor of 80 has been obtained [30]. On the other 
hand, the guided atom flux decreases in the red-detuning region. This may 
be because the atoms adhere to the surface of the inner wall due to the 
attractive dipole force from the red-detuned optical near field. As shown in 
this example, the state-selective photoionization spectrum of atoms guided 
through a hollow fiber directly reflects the frequency dispersion properties of 
the dipole interaction between an atom and an optical near field. 

The condition for efficient two-step photoionization of a ground-state 
atom is given by [31] 

0'0 
/'jon"'" Psat-

O'ion 
(11.18) 

where /'jon is the light intensity required for ionizing the atom in an excited 
state, and O'ion is the ionization cross section from the excited state to the 
ionization level. Taking the ratio of the Ar-ion laser intensity to the satura
tion ionization intensity Pion, we can roughly estimate the photoionization 
efficiency of the guided Rb atoms in the 5S1/ 2 ground state. In the case of 
a typical Ar-ion laser intensity of 0.5 GW 1m2, assuming the resonant exci
tation cross section 0'0 = (3/211'),X2 = 3 X 10-9 cm2 of the 5S1/ 2 --+ 5P3/2 
transition [32] and O'ion = 2.5 X 10-17 cm2 for a wavelength of 476.5 nm, we 
get a photoionization efficiency of about 30%, where we guess the value of 
O'ion from the results given in Ref. [33]. The net detection efficiency is given 
by the photoionization efficiency times the quantum efficiency of the CEM. 
We can also perform two-step photoionization with Ar-ion laser wavelengths 
of both 488 nm and 459 nm, although the ionization efficiency is lower. 

11.3.3 Observation of Cavity QED Effects in a Dielectric Cylinder 

The dipole interaction between an atom and an optical near field occurs 
in extremely close vicinity to a material surface. On the other hand, it is 
well known that the van der Waals force acts on an atom near a dielectric 
surface [34]. This indicates that we cannot ignore the influence of such a 
force on atom manipulation with an optical near field. In fact, as mentioned 
in Sect. 11.1, the van der Waals force on a ground-state atom near a dielectric 
plane has been examined with an AQS [14]. In the case where an atom is in 
a small cavity, the result is generalized from the cavity QED effect [35]. The 
cavity QED effect, which results from the interaction between an atom and 
the vacuum modified by the cavity [36], yields two kinds of attractive force: 
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the first is the well-known van der Waals force, and the second is the so-called 
Casimir-Polder force [37]. The latter gives rise to position-dependent Lamb 
shifts of atomic quantum energy levels. 

Although study of the cavity QED effect is very important for a deeper 
understanding of the nature of a vacuum, few experimental results have been 
reported except for some simple cases of a plane and a planar cavity, although 
there has been much theoretical work [35]. This is mainly because the cavity 
QED effect is very small, so that observation is difficult. In fact, observations 
of the van der Waals force and the Casimir-Polder force have been made in 
a cavity composed of two parallel conductor planes [38]. Recently, an elabo
rate experimental study of the Casimir-Polder force was performed [39]. On 
the other hand, cavity QED effects near a spherical surface [40] and inside 
a microsphere [41, 42] have been theoretically examined. In particular, the 
cavity QED effect near a dielectric surface [40, 43-45] is a problem of great 
consequence for near-field optical atom manipulation. In this subsection, as 
an application of the AQW to the study of unsolved quantum mechanical or 
quantum optical phenomena, we touch on observations of the cavity QED 
effect inside a hollow glass fiber regarded as a sort of dielectric cylindrical 
cavity [46]. 

The cavity QED effect gives rise to an energy shift of an atomic quan
tum state. In general, the formulae of the atomic energy shifts in the case 
of curved dielectric surfaces are very complicated, so that their analysis re
quires considerable computational time. Here, for simplicity, we will apply an 
approximate method with a formula for a planar conductor cavity to analyze 
the experimental results. An exact formula for an atomic energy shift inside 
a dielectric cylinder has recently been obtained [47]. 

The atomic energy shift depends on the atomic position, so that it pro
duces an attractive cavity potential. The cavity potential Ucav(p) on an atom 
inside a planar conductor cavity with a space interval 2a is written in a simple 
analytical form as [35, 38] 

U. () - _ L 1rldegI21°O r2 cosh(1rrp/a) -l(r).eg)d 
cay p - 3 • ( ) tan r 48coa 0 smh 1rr 4a 

e 

(11.19) 

where deg and ).eg are a matrix element of a dipole moment and a wavelength 
of an atomic dipole transition from the ground state, respectively. 

Let us consider the case where an atom is guided through a hollow optical 
fiber with a hollow diameter of 2a by the blue-detuned optical near field with 
the LPol mode. Then, the total potential Utot(p) is given by the summation 
of the optical potential U2~t (p) and the modified cavity potential f . Ucav{p): 
Utodp) = U2~dp) + f . Ucav(p), where we introduce a scaling coefficient f 
to approximate the dielectric cylinder case. In addition, we assume that the 
scaling coefficient f can be the product of a dielectric factor e and a geometric 
factor 1]. Moreover, since the inner wall is considered as approximately a 
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Fig. 11.8. Cross-sectional profile of the potential barrier produced near the inner 
wall of a hollow fiber as a function of the normalized distance Ria from the surface. 
The solid curve shows the total potential UtodR) = U2~t(R) + Uca.v(R), while the 
broken curve shows the optical potential U2~t (R) of the LPol mode. These potentials 
are normalized to a maximum value of U2~t (0) 

plane for an atom near the surface, we can write the dielectric factor ~ as 
~ = (ni - 1}/(ni + 1) [16,34]' where nl is a refractive index of the core. 

Figure 1l.8 shows a potential barrier to reflect 85Rb atoms plotted as 
a function of the normalized distance R/ a from the inner-wall surface. The 
solid curve shows a total potential Utot{R}, which is composed of an optical 
potential Ugtt(R) under the excitation of the LP01 mode with a power of 
100 mW and a blue detuning of +1 GHz, and a cavity potential Ucav(R) 
with f = 1. The broken curve shows the pure optical potential Ugtt(R). Both 
potentials are normalized to the maximum value ugtdO} of the optical po
tential on the inner-wall surface. As shown in Fig. 11.8, the potential barrier 
is greatly reduced due to the cavity potential near the surface. 

The optical potential is in proportion to the light power coupled to the 
hollow fiber at a fixed blue-detuning. On the other hand, the cavity poten
tial becomes larger as the hollow diameter becomes smaller. This indicates 
that the repulsive optical potential produced by a weak blue-detuned optical 
near field can be canceled by the attractive cavity potential if we employ a 
small hollow fiber with a hollow diameter comparable to a wavelength. As 
a consequence, atoms cann~t be successfully transmitted through the hollow 
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fiber. This situation can be confirmed by the observation of the threshold 
power in the atom guidance. For this purpose, two-step photo ionization ex
periments have been carried out, in which the power of the guide light beam 
was changed at a large blue-detuning. 

Figure 11.9a shows the result in the case of a O.3-Jtm hollow fiber: the 
two-step photoionization signal on the 87Rb atoms in the 5S1/ 2, F = 2 upper 
ground state is plotted as a function of the transmission power of the guide 
light. Here, the blue detuning d of +4 GHz with tespect to the 85Rb, 5S1/ 2 , 

F = 3 upper ground state is chosen so that the optical pumping between the 
hyperfine ground states due to the spontaneous transition can be suppressed. 
The magnified figure in the low-power region is shown in Fig. 11.9b, in which 
we can find a threshold of the guiding of 87Rb atoms at a power of about 
2.6mW. 

The threshold yields Utot = O. In this case, the scaling coefficient f is 
given by f = 1U2~t/Ucavl. For simplicity, we estimate f at a position R = 
Ro where the total potential with f = 1 becomes maximum. Then, from 
Eqs. 11.16, 11.17, and 11.19, we can calculate the value of f as a function of 
the coupled power of the guide light. Comparing the threshold power obtained 
experimentally with the numerical result, we get a scaling coefficient f ~ 1.3, 
which leads to a geometric factor 1] ~ 3.7. This is a rough estimation including 
uncertainty, but is a reasonable value: qualitative theoretical analysis says 

100 
Power (mW) 

(a) 

• 

0~~2--~~--~4----
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(b) 
Fig. 11.9. a Two-step photoionization signal of 87Rb atoms in the 5S1/ 2 , F = 2 
upper ground state guided through a O.3-lJm hollow fiber as a function of the 
transmission power of the guide light, and b the magnified figure in the low-power 
region. The frequency of the guide light is fixed at a blue-detuning of +4 GHz with 
respect to the 85Rb, 5S1/ 2 , F = 3 upper ground state 
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that the geometric factor should be between 1 and 10. Analysis with the 
exact formula given in Ref. [47] is now in progress. 

Two kinds of force contribute to the cavity potential given by Eq. 11.19. 
The van der Waals force is dominant in a region below a wavelength, but 
the Casimir-Polder force is dominant in a region above a wavelength. Since 
the wavelength used here is 0.78 J-lm, the case with a 0.3-J-lm hollow fiber 
corresponds to the van del' Waals case. To examine the Casimir-Polder case, 
we can use a 1.4-J-lm hollow fiber. In fact, a similar result has previously been 
obtained [46]. 

11.3.4 Atomic Quantum Wires with a Light Coupled Sideways 

The AQW experiments mentioned earlier employ a thermal atomic beam, in 
which a guide light beam is introduced into a hollow fiber from the front via 
a pinhole mirror, as shown in Fig. 11.5. Note that one of our goal is to realize 
atom manipulation with extremely high spatial accuracy. This requires the 
guiding of cold atoms. In this connection, there is a plan to develop an atomic 
funnel with a blue-detuned optical near field that efficiently introduces cold 
atoms from an MOT into a hollow fiber (see Sect. 11.5 for details). However, 
the above scheme for guiding atoms is not suitable for the attachment of 
additional atom-optical devices such as an atomic funnel to the AQW. In this 
subsection, to solve this problem, we present a new scheme for AQW [48] in 
which a guide light beam is coupled to the core directly from the side via 
total internal reflection at an edge. This scheme enables one to combine the 
AQW with some atom-optical devices without extra optics. 

The side coupling of a guide light beam is carried out with a hollow 
fiber with a slanting polished facet. In the case of a silica-glass fiber with a 
refractive index of 1.45, the critical angle at which total internal reflection 
occurs is 43.5° for a wavelength of 780 nm. Therefore, we can use a hollow 
fiber with a 45°-cut edge that is easily fabricated. The fabrication process 
for a 45°-cut hollow fiber consists of four steps: (1) fixing a hollow fiber to 
a device to keep the fiber axis at an angle of 45° to the plane, (2) rough 
grinding, (3) fine grinding and polishing with several kinds of abrasives, and 
(4) washing and baking to remove any remnants. The mean roughness of the 
polished edge surface can be below 50 nm. 

The experiments of guiding Rb atoms with 7- and 2-J-lm hollow fibers 
have been made in a lateral light-coupling scheme. Figure 11.10 schemati
cally shows the experimental set-up with two-step photoionization. In these 
experiments, results similar to those from the front light-coupling scheme 
have been obtained [48]. In addition, surface-ionization experiments in a lat
eral light-coupling scheme have also been performed with a platinum hot 
wire. We will describe such a surface-ionization experiment in relation to the 
observation of the spatial distribution of the guided atom flux in Sect. 11.4. 

There are several advantages in this method in addition to the guiding of 
cold atoms. First, the scheme improves the removal of unwanted light such 
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Fig. 11.10. Set-up for the two-step photoionization experiment with an AQW 
with light from the side. A guide light beam is coupled to the core via total internal 
reflection at the 45 0 -cut edge 

as propagating modes in the hollow region. This leads to the suppression of 
spontaneous emission events induced by the absorption of photons from the 
extra light fields. Second, this scheme prevents the leak of incident light at the 
entrance of the AQW, so that heating and optical pumping of atoms near the 
entrance can be avoided. Moreover, this scheme also enables one to couple the 
guide light beam from the rear direction. Therefore, the lateral light-coupling 
scheme is very useful for a detailed study of AQW: for example, research into 
the influence of spontaneous emission due to absorption of near-field photons, 
and the atomic Doppler effects inside the hollow fiber, etc. This research will 
give us a deeper understanding of the dipole interaction between atoms and 
the optical near field, including the cavity QED effects in a dielectric cylinder. 

11.4 Optically Controlled Atomic Deposition 

For many years, fabrication of atomic-scale matter such as quantum dots 
has attracted considerable attention. In consequence of the rapid progress of 
atom-optical techniques, hopes of nano-fabrication based on atom manipula
tion with laser light have increased in recent years. For example, it has been 
possible to make small structures with fine parallel-line patterns of metal 
atoms on a substrate [5,49-51]. In these experiments, optical standing waves 
which play the role of an atomic lens or an atomic grating are often em
ployed for focusing of an atomic beam and generating a line-pattern [52]. In 
addition to atom lithography [53], atom holography has also been demon
strated [54]. However, atom-optical methods with far-field light are affected 
by the diffraction of light waves. The diffraction effect puts a limit on the 
size of the fabricated structure. Moreover, it is not easy to make an arbitrary 
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pattern with such methods: although it may not necessarily be impossible, it 
usually requires elaborate apparatus. 

To overcome difficulties in the traditional techniques with far-field light, 
we consider the application of an optical near field to nano-fabrication. To 
this end, in this section, we discuss the possibility of fabricating an arbitrary 
pattern using an AQW. This will lead us to a novel technique of optically 
controlled atomic deposition. 

Atom 
• • • 

Optical near field 

Substrate 
Fig. 11.11. Sketch of atom deposition with an AQW on a substrate 

Figure 11.11 is a sketch of the creation of a dot-shaped structure with a 
hollow fiber close to a blue-detuned optical near field. Since an optical fiber 
is flexible, we can carry atoms aiming at any point on a substrate by using 
a bent hollow fiber. The curvature of the AQW is determined by the ratio 
of the potential barrier to the atomic kinetic energy. Assuming laser-cooled 
atoms, we can estimate the radius of curvature to be less than 1 cm. 

11.4.1 Spatial Distribution of Guided Atoms 

Let us move on to the measurement of the spatial distribution of atoms guided 
through a hollow fiber escorted by a blue-detuned optical near field [30]. This 
illustrates the feasibility of forming a dot-shaped pattern with an AQW. The 
experimental set-up is similar to that in Fig. 11.5 except for the detection 
scheme. In this case, surface ionization with a fine hot-wire is employed in
stead of laser photoionization: a tungsten (W) wire, a rhenium (Re) wire, 
a platinum (Pt) wire, and so on, can be used for the surface ionization of 
alkali-metal atoms according to the work function of each atomic species. 
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Fig, 11.12. Spatial distribution of Rb atoms guided through a 7-J.lm hollow fiber 
over a distance of 3 cm. The surface-ionization signal is obtained with a Pt hot wire 
having a diameter of 10 J.lm placed 12 mm downstream from the exit facet 

Here, a Pt hot-wire with a radius of 10 Jlm is used for the ionization and 
detection of the guided Rb atoms. 

Figure 11.12 shows a surface-ionization signal on Rb atoms guided through 
a 7-Jlm hollow fiber over a distance of 3 cm. This spatial distribution is ob
tained from a cross-sectional scan of the guided atom flux with the Pt hot-wire 
at a distance of 12 mm downstream of the exit facet of the hollow fiber. The 
guide-laser frequency is blue-detuned at an optimal value of +3 GHz with 
respect to the 85Rb, 5S1/ 2 , F = 3 upper ground state. Remember that the 
atomic beam contains two stable isotopes, 85Rb and 87Rb. Therefore, the 
surface-ionization signal involves contributions from all of the four 5S1/ 2 hy
perfine ground states of two Rb isotopes: the 85Rb atoms in the 5S1/ 2, F = 3 
upper ground state is dominant in the thermal atomic beam. 

The spatial distribution shown in Fig. 11.12 has the full width of 20 Jlm 
at the half-maximum. In addition, considering that the quantum efficiency of 
the CEM is 0.9 and the diameter of the hot-wire is 10 Jlm, we can estimate 
the guided Rb flux If> to be 1.7 x 105 atom/s measured above the background 
level. Here, we suppose that the surface-ionization efficiency is almost 1: it 
has been reported that in practice the surface-ionization efficiency reaches up 
to 0.8 [55]. 

Taking into account the detecting position of 12 mm downstream of the 
hollow fiber and the mean longitudinal atomic velocity of 360 mis, we figure 
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the divergence 2B of the guided Rb flux to be 1.1 mrad, which leads to a 
transverse atomic velocity of 19 cm/s. On the other hand, the mean transverse 
velocity of the incident Rb beam can be estimated to be 20 cm/s in the current 
collimation scheme. This result implies that the transverse atomic velocity 
is constant through the short-distance guiding. This is because the dipole
force guiding of atoms is energy-conserving when the frequency detuning is 
large enough that spontaneous emission per bounce is negligible. However, if 
a long hollow fiber is employed, it is possible to reduce the transverse atomic 
velocity based on the laser cooling induced by the optical near field. In this 
connection, Sect. 11.5 deals with a near-field optical atomic funnel. 

Let us estimate the deposition rate in this case. At a position x down
stream of the exit facet, the flux density d(4), x) is given by d(4), x) = 
4>/7r(xB + a)2, where a is the hollow radius of a hollow fiber. Then, as
suming a density of 1.53 g/cm3 for Rb metal, we get the supply rate 
,,,(4), x) = 3.2 x 1O-7nm . 4>/(x/mm + 6.5)2 (units nm/s). As a result, in 
the case of a substrate placed at x = 1 mm, the inverse rate 17- 1 is estimated 
to be 17 min/nm. Since the number of Rb atoms not fixed to a substrate can 
be greatly reduced by cooling the substrate or processing it with selective 
etching, the supply rate", can be regarded as the deposition rate. The above 
value of the deposition rate is suitable for the creation of an atomic-scale 
structure on a substrate. 

11.4.2 Precise Control of Deposition Rate 

The guided atom flux 4>, or the deposition rate 1}, depends on oven tempera
ture, hollow diameter, guide-laser intensity, blue detuning, etc. In particular, 
by changing the blue detuning, we can accurately control the deposition rate. 
This is one crucial advantage of atomic deposition with an AQW. To illus
trate the feasibility of frequency control of the deposition rate [30], we will 
go back to the state-selective two-step photoionizatioll of guided Rb atoms. 

Figure 11.13 shows a photoionization spectrum of 87Rb atoms in the 5S1/ 2 , 

F = 2 upper ground state guided through a 1.4-Jlm hollow fiber. The solid 
curve shows the ionized atom flux plotted as a function of the normalized 
blue-detuning J / r with respect to the 87Rb, 5S1/ 2 , F = 2 upper ground 
state. The broken line shows the background transmission without the guide 
light. In this case, the oven temperature is low enough that the incident atom 
flux is limited to a rather low level. It should be emphasized that the state
selective photoionization scheme enables one to observe a small number of 
guided atoms without background noise. 

Here we are interested in the ratio of the atom-flux change £14> to the 
light-frequency change £1wL, i.e., £14>/ £1wL. From the central slope of the 
solid curve in Fig. 11.13, we can estimate £14>/ £1wL to be about 50 S-l /GHz. 
Since the frequency fluctuation of laser light can easily be suppressed below 
1 MHz, this result implies that the deposition rate can be controlled with an 
accuracy of 1 atom/so 
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Fig. 11.13. State-selective two-st.ep photoionization spectrum of t.he 87Rb atoms 
in the 5S 1/ 2 , F = 2 upper ground state guided through a 1.4-llm hollow fiber at a 
low oven temperature. The solid curve shows the ionized atom flux as a function of 
t.he normalized blue-de tuning 8/ r with respect to the 5S 1 /2, F = 2 upper ground 
state. The bmken line shows a background level without t.he guide light 

In the present case, the thermal fluctuation of the guided atoms becomes 
a crucial issue. In addition, as shown by the broken line, there is a residual 
flux if a straight hollow fiber is employed. For precise control of the deposition 
rate, thermal fluctuation and background transmission should be suppressed. 
The thermal fluctuation will be greatly improved by the use of laser-cooled 
atoms. At the same time, this enables one to use a bent hollow fiber that 
blocks the ballistic atoms. Manipulation of cold atoms with an optical near 
field is presented in Sects. 11.5 and 11.6. 

11.4.3 In-line Spatial Isotope Separation 

Atomic deposition with an AQW also results in greater purity, because of 
the species- and state-selective guidance based on the frequency-dispersion 
properties of the dipole force. The strong point of this atomic deposition 
scheme is very important for atomic-scale crystal growth. 

It should be noted that the species- and state-selectivity of the dipole in
teraction between an atom and an optical near field appears in its application 
to isotope separation. The first demonstration of such isotope separation was 
made with an AQS composed of a planar optical near field [10]. The AQW 
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85 Rb,F=3 

COo 
Fig. 11.14. In-line spatial separation between 85Rb in the 581/ 2 , F = 3 state and 
87Rb in the 581/ 2 , F = 2 state with a 3-cm-Iong hollow optical fiber with an inside 
diameter of 7 11m. The upper curve shows the case where the guide laser is blue
detuned for both isotopes, while the lower curve shows the case where the guide 
laser is blue-detuned for 87Rb but red-detuned for 85Rb 

greatly improves the isotope separation: it leads to in-line spatial isotope 
separation [20]. 8ince the AQW scheme of isotope separation can efficiently 
produce high-purity atomic samples, it will also be very useful for industrial 
applications. 

As shown in Fig. 11.7, a state-selective two-step photoionization spec
trum has a frequency dispersion shape with respect to an atomic resonant 
frequency. This leads us to isotope separation with AQW. Let us consider the 
case where two kinds of atoms having slightly different resonant frequencies 
are contained in an atomic guidance source. If the frequency of the guide 
light is higher than the resonant frequency of one atom but lower than that 
of another, the former can be successfully guided through the hollow fiber, 
while the latter is attracted by the red-detuned optical near field so that it 
will be trapped on the inner-wall surface. 

An experiment on in-line spatial separation between the 85Rb atoms in 
the 581/ 2 , F = 3 upper ground state and the 87Rb atoms in the 581/ 2 , 

F = 2 upper ground state has been performed with a 3-cm-Iong hollow 
optical fiber [20]. The experimental set-up is the same as that shown in 
Fig. 11.5. Figure 11.14 shows the result with a 7-Jlm hollow fiber: the two-step 
photoionization signals are plotted as a function of the diode-laser frequency, 
i.e., the atomic resonant frequency woo In each photoionization signal, the 
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frequency of the diode laser is swept at a fixed blue-detuning of the guide 
light. Note that the 5S1/ 2 , F = 2 state of 87Rb is 1 GHz higher than the 
5S1/ 2 , F = 3 state of 85Rb (see also Fig. 11.6). 

The upper curve of Fig. 11.14 shows the case where the guide laser is blue
detuned for both isotopes. In this case, both isotopes are guided through the 
hollow fiber. The lower curve of Fig. 11.14 shows the case where the guide 
laser is blue-detuned for 87Rb atoms but nearly red-de tuned for 85Rb atoms. 
In this case, the 87Rb atoms are still guided through the hollow fiber, but the 
transmission of the 85Rb atoms is greatly suppressed. Thus, the AQW can 
be regarded as an atomic-state filter. 

11.5 Near-Field Optical Atomic Funnels 

So far we have concentrated on describing the control of thermal atoms. It 
goes without saying that there is a limit to the use of thermal atoms whose 
mean velocity is several hundred meters per second. To manipulate atoms 
with high spatial accuracy, even beyond the diffraction limit of light waves, 
we need cold atoms whose mean velocity is low enough that they can be 
trapped in a narrow region for a long time. Therefore, we will now turn to 
the subject of guiding and manipulating cold atoms with an optical near field. 

A dense ensemble of cold atoms, which is called an optical molasses, can 
be produced in the center of an MOT [2, 3, 56]. The MOT carries out decel
eration and cooling of atoms at the same time. Atoms in the MOT are de
celerated with Doppler cooling, which involves spatial modulation of atomic 
Zeeman sublevels so that they form a cold cloud with a very narrow veloc
ity distribution around zero velocity: the temperature of the cold ensemble 
is below 100 11K. Moreover, using evaporative cooling in a pure magnetic 
trap that follows the MOT [57], we can cool the dense atomic ensemble still 
further to below 100 nK. This technique realizes the so-called Bose-Einstein 
condensation of an alkali-metal gas. For example, Bose-Einstein condensa
tion has been observed on Rb [58], Na [59], and lithium (Li) [60]. Recently, 
an output-coupler of a Bose-Einstein condensed gas has been developed [61]. 
This can be regarded as an atom laser. 

Although we can now generate an atomic ensemble cold enough for near
field optical manipulation with a standard MOT, it is not easy to take a 
large number of cold atoms out of the MOT: when the MOT is turned off, 
the atoms divergently escape from the MOT in random directions according 
to each one's momentum. Therefore, even if the hollow fiber is placed below 
the MOT, many atoms are lost without entering the hollow fiber. It should 
also be noted that the effective diameter of an optical molasses, which is 
usually about 1 mm, is much larger than the size of near-field optical devices 
such as an AQW composed of a micron-sized hollow fiber. In this section, 
we present an AQS with a conical optical near field to couple the cold atoms 
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Fig. 11.15. Atomic funnel composed of an optical near field induced over the 
inner-wall surface of an inverted hollow conical prism with a small exit hole at 
the bottom. A blue-detuned doughnut-shaped light beam is shone upward to make 
an AQS, while an additional light beam is shone downward to induce the Sisyphus 
cooling of atoms released from an MOT. A cross-sectional trajectory of a 85Rb atom 
randomly sampled from the MOT is also shown based on a Monte Carlo simulation 

efficiently from an MOT to an AQW. The conical AQS works as an atomic 
funnel [62]. 

11.5.1 Atomic Funnel with Atomic Quantum Sheet 

As mentioned in Sect. 11.1, the sheet of a blue-detuned optical near field 
works as an atomic mirror. Let us consider the case where a blue-detuned 
light beam is shone upward from the bottom of an inverted hollow conical 
prism with a small exit hole, as shown in Fig. 11.15. The blue-detuned light 
beam induces an AQS to reflect atoms on the inner-wall surface of the hollow 
conical prism via total internal reflection. Assume that an MOT is produced 
over the open face of the inverted hollow conical prism. If the MOT is turned 
off, the cold atoms fall into the funnel and then bounce on the optical near 
field. 

However, this scheme does not work well for funneling cold atoms as it is. 
Because of a strong gravitational pull, as a result of the fall, the cold atoms 
released from the MOT are extremely accelerated in only a few millimeters. 
The accelerated atoms escape from the open face soon after a few bounces 



248 11. Near-Field Optical Atom Manipulation: Toward Atom Photonics 

even if a powerful AQS is made by the intense light beam. This indicates 
that the atomic funnel requires a cooling mecha.nism to compensate for the 
atomic accelerat.ion due to gravity. In fact, we can ca.rry out recooling of the 
falling atoms inside the atomic funnel by irradiating a weak pumping light 
beam downward. The cooling takes place in the atomic reflection process 
involving optical pumping event,s. Since the atoms lose their kinetic energies 
as a consequence of the multiple up-and-down motion on the potential hill, 
the cooling process is called Sisyphus cooling, a name derived from Greek 
mythology. In the next subsection, we explain this cooling. Sisyphus cooling 
is also very popular in traditional laser cooling with far-field light [2]. 

Figure 11.15 shows a cross-sectional trajectory of a 85Rb atom released 
from an MOT with a Maxwell-Boltzmann distribution, with a mean temper
ature of 10 pK, based on a result obtained from a Monte Carlo simulation 
developed below. Here we assume that. the center of the MOT is placed 1 mm 
above the open face of a 4-mm-high inverted hollow conical prism with a 0.1-
mm hole at the bottom. In addition, we assume that a doughnut-shaped light 
beam with a blue-detuning of + 1 GHz and a power of 1 W is shone upward 
to make an AQS. Such a doughnut-shaped light beam is converted from a 
Gaussian light beam not only using holographic methods [63-65], but also 
using a couple of simple geometric methods with a double-conical prism [62] 
or a hollow fiber [66]. The doughnut-shaped light beam prevents heating or 
pumping due to extra light fields from the recooled atoms coming from the 
funnel as well as saving the light power. 

As shown in the trajectory, due to the near-field optical cooling inside the 
funnel, the atoms released from the MOT are going down and bouncing off 
the inner wall many times before going out of the small exit hole. Therefore, 
in contrast to other types of atomic funnel [67-69], this atomic funnel serves 
the function of converting a cold but spatially extended atomic sample from 
an MOT to a collimated cold atomic beam. Although another scheme for 
forming a cold atomic beam from an MOT has been demonstrated [70], this 
type of atomic funnel is convenient as a source of a cold atomic beam for an 
AQW. Such a cold atomic beam is also useful for atomic reflection with a 
localized optical near field (cf. Sect. 11.6). 

11.5.2 Sisyphus Cooling Induced by Optical Near Field 

Sisyphus cooling can be understood based on a dressed-atom picture [71-
73]. The dressed states are eigenstates of the Hamiltonian of the atom + 
light field system in the electric dipole representation [74]. However, the ap
plication of such a dressed-atom scheme, which was developed for far field, 
to near field is not necessarily self-evident, since the dressed-atom picture 
involves the quantization of light field, in which the photon number is well 
defined. The issue of the quantization of optical near field is still open, par
ticularly that of a nanometric optical near field. Nevertheless, we apply the 
dressed-atom picture to the atoms interacting with an optical near field of the 
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planar type: with minor alternations, the far-field dressed-atom picture will 
approximately describe the atomic quantum states modulated by the optical 
near field produced via total internal reflection of propagating light. In fact, 
a cooling experiment with a planar AQS has been demonstrated [72]. 

The near-resonant dipole interaction between an atom and a light field 
gives rise to a change of atomic quantum states, which is well known as light 
shifts [74]. As mentioned in Sect. 11.3, the dipole force of an optical near field 
on a two-level atom has the optical potential given in Eq. 11.17. Provided 
that the saturation parameter s, defined by the ratio of the Rabi frequency 
Q(1') = VP(1')/2Psatr to the blue detuning 0 = WL - Wo, is small, i.e., 

Q(1·)2 
S(1') = 2J2 « 1 (11.20) 

the optical potential Uopt (1') is approximately equal to the position-dependent 
light shift given by hQ(1')2/46 [74]. 

To demonstrate an atomic funnel supported by a blue-detuned optical 
near field, we also use alkali-metal atoms, including Rb. As shown in Fig. 11.6, 
the alkali-metal atoms have two hyperfine ground states. Note that we have 
so far supposed two-level atoms under a large frequency detuning. However, 
Sisyphus cooling involves spontaneous emission events that follow the absorp
tion of photons of the optical near field and additional pumping light, so that 
the transition between the two hyperfine ground states via the excited states 
occurs in the funneling process. Therefore, we must now consider three-level 
atoms with A configuration [73J t.hat consist of two hyperfine ground states 
and a group of excited states. 

We assume that a three-level atom has two ground states, represented 
by kets Igl, N) and Ig2, N), and a group of degenerated excited states rep
resented by a ket Ie, N - 1) outside an optical near field, where the Ig2, N) 
state is spaced at a frequency of 6hfs above the Igl, N) state, and N is a pho
ton number. Then, the dipole interaction between the three-level atom and 
the optical near field alters the three free atomic states 19l, N), Ig2, N), and 
Ie, N - 1) into the three dressed-states 11, N - 1), 12, N - 1), and 13, N - 1), 
respectively. On this occasion, as a straightforward expansion of the two-level 
configuration, the optical potential U ;pt (1') for the lower atomic state and the 
optical potential U;pt(1') for the upper atomic state are given by [71] 

2 hQ(1·)2 
----
3 46 
~ hQ(1')2 
34(6 + 6hfs ) 

(11.21) 

(11.2f) 

where the factor of 2/3 associated with the Clebsch-Gordan coefficient stems 
from the sum of the transition strengths over the excited state hyperfinelevels. 

Let us consider the case where a three-level atom is reflected by a blue
detuned optical near field produced near a dielectric surface. Figure 11.16 
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Fig. 11.16. Dressed-atom energy levels of a three-level atom near a surface with 
a blue-detuned optical near field. An atom in the lower state makes a spontaneous 
transition to the upper state on the hill of the optical potential produced by the 
optical near field (A) with a de tuning of 8, and it is then repumped to the lower 
state by a pumping light (B). The potential barrier is induced in a region below a 
wavelength >. 

shows the variations of the atomic quantum states as a function of the dis
tance r from the surface, in which the blue-detuning J is taken with respect 
to the lower ground state Ig1, N). Arrows A and B indicate the frequencies of 
the light supporting the optical near field and the pumping light, respectively. 
A set of the three free states (191, N), Ig2, N), Ie, N -1)) or a set of the three 
dressed states (11, N -1),12, N -1),13, N -1)) forms a manifold labeled with 
a photon number N. Moreover, a set of manifolds forms a ladder structure. 
The three-level atom can be transferred from a manifold to a lower manifold 
via spontaneous emission, or to a higher manifold via absorption of a photon. 
It should be noted that both dressed states 11, N -1) and 12, N -1) partially 
include the excited state Ie, N - 1), so that the atom in these dressed states 
can cause spontaneous emission. 

Important to Sisyphus cooling is the fact that the optical potential for 
the upper state is smaller than that for the lower state because the blue
detuning for the upper state is larger by the hyperfine splitting Ohfs than that 
for the lower state. Therefore, if an atom in the lower state is spontaneously 
transferred to the upper state in the process of reflection it loses some ki
netic energy, and the amount that loss is the difference between both optical 
potentials. Moreover, soon after reflection, if the atom is repumped to the 
lower state with a weak pumping light, the energy-loss event is repeated, so 
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that the atom continues to lose its kinetic energy until the heating effects, 
including the scattering of photons, balance the cooling effects. 

11.5.3 Moute Carlo Simulatious 

There are some factors that determine the collection efficiency of an atomic 
funnel, these are blue detuning, laser power, field intensity distribution, initial 
atomic temperature, release height, et.c. Monte Carlo simulations show the 
dependence of these parameters on the atomic funnel [62]. As an example, to 
collect cold Rb atoms efficiently, we assume a specific scheme with an inverted 
hollow conical prism and a doughnut-shaped light beam, as mentioned above 
(see also Fig. 11.15). In addition, we take into account the van der Waals 
cavity pot.ential in the Monte Carlo simulations. 

We now consider the case where the intensity distribution of the optical 
near field over the inner wall surface of a 4-mm-high inverted hollow conical 
prism, with a slope angle 0' = 450 and a refractive index np = 1.45, is pro
duced by a doughnut-shaped light beam with a ring diameter 2Ro = 4 mm. 
The specific conical hollow prism is chosen so that the collection efficiency be
comes higher under feasible experimental conditions. On the other hand, the 
doughnut-shaped light beam can be converted from a Gaussian light beam 
with a waist 2wo = 4 mm through a proper double-conical prism [62]. In 
this case, as a function of the distance Rd from the center axis, the intensity 
P(Rd) of the doughnut-shaped light beam is given approximately by 

P(Rct) = Q02 [exp {- 2(R~ ~ Ro)2} + exp {_ 2(Rct +2 Ro)2}] (11.23) 
rrwo Wo Wo 

where Qo is the incident light power. 
The optical potential U;pt(r} for the lower dressed state of a Rb atom at 

a distance r from t.he inner-wall surface of the prism is given by 

1 1 Iir2 P(R} (2r) 
Uopt(r,R} = 12-6- Psat exp -/1 (11.24) 

where the decay length A = (>./21r)/ jn~ sin2 0' - 1 is nearly equal to 0.7>', 
and the natural linewidth r and the saturation intensity Psat are equal to 
2rr x 6.1 MHz and 1.6 mW /cm2, respectively, for the Rb D2-line with a 
wavelength>. of 780 nm. In addition, we omit small Doppler shifts of cold 
atoms. We can write the optical potential for the upper dressed state by 
replacing the detuning 6 with 6 + 6hfs in a similar way. In Eq. 11.24, the 
coordinate R denotes t.he distance from the center axis of a position on the 
inner wall surface (see Fig. 11.15). 

As mentioned in Sect. 11.3, the attractive potential due to cavity QED ef
fects greatly reduces the potential barrier to reflecting atoms near the surface. 
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In this atomic funnel, we consider the van der Waals force. The cavity poten
tial Uvdw (r) with the van der Waals force is given approximately by [34, 44] 

_ 1 n~ - 1 "'" hreg 

UVdw(r) - -167,3 n~ + 1 L: k~g (11.25) 

where reg and keg are the natural linewidth and wave number, respec
tively, of an allowed dipole transition from the atomic ground state. As a 
result, the total potential Utot(r, R) is the sum of the repulsive optical po
tential Uopt (r, R) and the attractive van der Waals cavity potential UVdw(r): 
Utot{r, R) = Uopt(r, R) + UVdw(r). 

Two kinds of transition from the lower dressed state occur in the process 
of reflection: 11, N} -+ 11, N - 1) and 11, N) -+ 12, N - 1). The transition 
11, N) -+ 13, N -1) to the third dressed state is negligible compared with the 
other transitions because it has a very small transition probability. Assuming 
a branching ratio q, we get the transition rates ru(r, R) '" qrs(r, R) and 
n2(r, R) '" (1 - q)rs(r, R) for each transition, and then the total transi
tion rate n(7',R) = ru(r,R) + r 12 (7',R) '" rs(r,R) from the lower dressed 
state. In consequence of this, the total probability P(V1.) of the spontaneous 
transition from the lower dressed state is given by [71, 75] 

( mV1.Ar) P(V1.) = 1 - exp - M (11.26) 

where m and v1. are the atomic mass and atomic velocity perpendicular to 
the inner surface, respectively. 

The point of the Monte Carlo simulation procedure is as follows. When 
an atom in the lower ground state enters the near-field region after a free fall 
from an MOT, we compare the transition probability P(V1.) with a random 
number rl between 0 and 1. If rl < P(v.d, the transition from the lower 
dressed state takes place. In this case, we add to the atom a momentum 
hnpk sin Q of an optical near-field photon as well as a momentum hk of a 
spontaneous photon. Then we compare the branching ratio q (= 0.75 for the 
Rb D2 line [71, 73]) with a random number r2. If r2 > q, we choose the first 
transition 11, N) -+ 11, N -1), but otherwise we choose the second transition 
11, N) -+ 12, N - I}. When the second transition 11, N) -+ 12, N - 1) occurs 
in the process of reflection, the energy loss corresponding to the amount of 
difference LlUtot(r, R) between both potentials is subtracted from the atomic 
kinetic energy. The expectation value (LlK) of the energy loss per bounce is 
given by [71] 

(11.27) 

where K 1. is the atomic kinetic energy perpendicular to the inner-wall surface. 
Moreover, when an atom in the upper dressed state comes out of the near
field region and has an upward velocity Vz > 0, the atom absorbs a photon of 
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Fig. 11.17. Monte Carlo simulations of an atomic funnel composed of a 4-mm-high 
inverted hollow conical prism with a 100-pm exit hole, where a doughnut-shaped 
light beam with a power of 1 Wand a blue detuning of +1 GHz irradiates the prism. 
a Temporal evolution of the collected fraction of the 104 85Rb atoms released from 
an MOT with a mean temperature of 10 pI< placed at 1 mm above the open face: 
the solid and broken curves show the cases with and without the van der Waals 
cavity potential, respectively. b Collected fraction (A) and normalized momentum 
p/hk (B) averaged over the collected atoms at t = 20 s as a function of the height 
h of the MOT 

the weak pumping light beam so that it returns to the lower ground state. It 
should be noted that there is an additional cooling effect due to the absorption 
of photons of the pumping light beam [71]. In this process, the atoms hitting 
the inner-wall surface are removed and counted as the lost fraction. 

According to the above procedure, let us simulate the number of 85Rb 
atoms coming out of the exit hole with a diameter of 100 J.Lm. Figure 11.17a 
shows the collected fraction as a function of the time t passed since the cold 
85Rb atoms were released from an MOT with an effective diameter of 1 mm, 
in which the incident power Qo and the blue-detuning 8 of the doughnut
shaped light beam are taken as 1 Wand +1 GHz, respectively. Here we 
assume that the MOT consists of an ensemble of 104 atoms which follows 
a Maxwell-Boltzmann distribution with a mean temperature of 10 J.LK, and 
the center of the MOT is placed at 1 mm above the open face of the inverted 
hollow conical prism. The solid and broken curves in Fig. 11.17a show the 
cases with and without the van der Waals cavity potential, respectively. 

We can see in Fig. 11.17a that the collected fraction approaches a constant 
value and both curves are expressed as Cd 1-exp( -C2t)} with two constants 
C1 and C2 . Therefore, if multiple loading of the funnel is carried out, the 
collection rate can be defined by the asymptotic value C1 of the collected 
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fraction. For example, assuming a loading number of (j> s-l from the MOT, 
we obtain a collection rate 0.5(j> atomls from the solid curve, with C1 = 0.5 
in Fig. 11.17a. Thus, the multiple loading of an atomic funnel with an MOT 
results in the creation of a cold atomic beam. In the present case, the fact that 
a cold atomic ensemble with an effective diameter of 1 mm is compressed into 
a small region with an effective diameter of 100 pm leads us to the conclusion 
that the conversion efficiency into an cold atomic beam is about 104 times as 
large as that without. the atomic funnel. 

Because of large gravitational acceleration, the collection efficiency of the 
atomic funnel depends greatly on the height of the MOT. Figure 11.17b 
shows the collected fraction (A) and the momentum p (B) averaged over the 
collected 85Rb atoms as a function of the height h of the MOT center, in 
which they were obtained at t = 20 s, and the averaged momentum p was 
normalized to the recoil momentum hk. In Fig. 11.17b, while the collected 
fraction decreases from 0.5 at h = 1 mm to 0.09 at h = 5 mm, the averaged 
moment.um is almost constant. This is because only atoms recooled below a 
low temperature reach down to the bottom and then go out of the funnel. 
The average momentum is estimated to be about 26 times as large as the 
recoil momentum hk, which corresponds to 80 pK in terms of temperature. 
If an MOT is produced inside the atomic funnel, the collection efficiency will 
be greatly increased. In fact, a scheme of trapping atoms inside a hollow 
pyramidal prism or a hollow conical prism has been demonstrated with a 
single circularly polarized light beam [76]. 

11.6 Atomic Quantum Dots 

AQWs with a blue-detuned optical near field have greatly increased the spa
tial accuracy of atom manipulation. However, the optical near field employed 
in the AQW is produced by way of the total internal reflection of propagating 
light modes, so that the spatial accuracy is still characterized by the wave
length used. Therefore, we will turn to the subject of atom manipulation with 
an optical near field on a sharpened optical fiber, i.e., the AQD. To start, we 
introduce a Yukawa-type field intensity profile of the optical near field. Then, 
assuming a phenomenological expression for the optical potential, we describe 
the atomic reflection with a blue-detuned optical near field induced over the 
tip of a sharpened fiber. In addition, we present a novel form of atom trap 
with a sharpened fiber. Finally, the possibility of a three-dimensional atom 
trap with a set of sharpened fibers is discussed. 

11.6.1 Phenomenological Approach to the Interaction Between 
Atoms and the Localized Optical Near Field 

The theory of dipole force developed for an optical far field has been ap
plied to the AQS and the AQW. However, in the nanometer region where 
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the wavelength cannot be well defined, the far-field theory is not necessarily 
suitable for a description of the mechanical interaction between an atom and 
a localized optical near field. In particular, t.he quantization of the nanomet
ric optical near field is now an open question. Under these circumstances, 
we have treated the interaction semi classically so far, except for the atomic 
funnel with Sisyphus cooling. In this section, we adopt a phenomenological 
approach based on a Yukawa-type field intensity profile to describe the dipole 
force of the optical near field produced near the nanometric tip of a sharp
ened fiber (cf. Sect. 12.2). This approach greatly simplified the description 
of the dipole interaction without complicated numerical calculations of the 
optical near field with the original Maxwell equations. 

Experimental observation shows that the decay length of the optical near 
field localized near nanometric matter depends on the size of the matter: it 
is almost equal to the inverse of the curvature of the surface (cf. Sects. 2.1 
and 12.2). In this section, for simplicity, we consider a sharpened fiber with a 
hemispherical tip whose radius of curvature is a. Let us take the center of the 
sphere as the origin of a radial coordinate 7'. Now, to express the intensity 
profile of the optical near field in a simple analytical form, we introduce a 
Yukawa-type scalar potential if>(7') given by [24,77] 

if>(r) = J i exp(~r/5.C)dS (11.28) 

where Xc is the characteristic decay length of the optical near field, which 
corresponds to the Compton wavelength, and A denotes the integration re
gion. 

This scalar potential generates the intensity profile Ponf(r), given by 

1l(r) 
Ponf(r) = p01l (a) (11.29) 

where Po is the intensity on the surface of the hemispherical tip, and 1l(r) is 
the field-distribution function given by [77] 

1 
1l(7') = 1V'if>(r)12 + "2 1if>(rW 

>'c 
(11.30) 

The initial intensity profile Po can be estimated approximately based on 
the Bethe theory. According to this theory, the power Qonf of the optical near 
field is given by [78] 

8 2 4 
Qonf = -k a Pin (11.31) 

11" 

Using the incident field intensity Pin = QO/1I"b~ coupled to a sharpened fiber 
with an incident power Qo and a core radius bc , we can evaluate the field 
intensity Po = Qonr/211"a2 on a hemisphere. For example, in the case of a = 
50 nm, 2bc = 5 pm, Qo = 1 mW, assuming a wavelength of 780 nm, we get 
Qonf '" 50 nW and PO'" 3 X 105 mW/cm2. 
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Assuming .\C ::::: a, we can write down approximations of t.he scalar poten
tial rp(1') and the gradient Y'rp(1') on the polar axis as follows: 

rp(1') 

Y'rp(1') 

_2:~2 {ex+_r:a) -ex{ vr'a+a')} 
_ 2rr { (~ + ~~) exp ( __ 1' : a) 

- (v1'2 a+ a 2 + :.~) exp ( - _v_r2_a+_a_2) } 

(11.32) 

(11.33) 

For simplicity, we here take into account the contributions over all the hemi
sphere, that is, we take the hemisphere as the integral region A. Substituting 
Eqs. 11.29-11.33 into Eq. 11.17, we can estimate the optical potential Uopt (1') 
produced by the localized optical near field. In what follows we ignore the 
influence of far-field components on atoms by taking a large frequency de
tuning. 

11.6.2 Atom Deflection 

Using a sharpened fiber escorted by a blue-detuned optical near field, we can 
deflect atoms near the tip, as shown in Fig. 11.3a. In this case, the total 
potential Utot (1') to reflect an atom can be written as the sum of the optical 
potential Uopt{1') and the cavity potential Ucav (1·). The cavity QED effect 
near a nanometric sphere is expected to be very large. Although the exact 
formula of the cavity QED effect in the nano-space has not been obtained, we 
will use the result calculated in the case of a microsphere [40]. This is a good 
approximation if we consider only the van del' Waals force in the immediate 
vicinity of the surface. Then, the cavity potential Ucav (1') can be replaced by 
the van der Waals potential UVdw(1') [34,40,45]' which is similar to Eq. 11.25: 

. _ 1 nr - 1 '" hreg 
Uvdw(1) - -16(1' _ a)3 n2 + 1 L...J -;:a-

1 e eg 

(11.34) 

where 111 is the refractive index of the core. Here we also assume that the 
surface seen by an atom is almost planar in the van der Waals region. 

To illustrate the feasibility of atomic deflection, we consider a specific case 
using a sharpened fiber with a hemispherical tip whose radius of curvature 
and core diameter are 50 nm and 5 J.lm, respectively. These values are chosen 
so that a potential barrier which is suitable for the reflection of Rb atoms is 
produced under feasible experimental conditions, and at the same time the 
radius of curvature is as small as possible: from the numerical estimation of 
Eq. 11.34, including the Rb D lines, we can see that the van del' Waals force 
becomes very large in the region below 50 nm from the surface. 
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Fig. 11.18. Numerical calculation of the deflection of slow 85Rb atoms with a 
sharpened fiber escorted by a blue-detuned optical near field: a deflection angle 8 
as a fUIlction of the impact parameter b; b differential cross section (T calculated 
with the first Born approximation as a function of the deflection angle 8 

Let us estimate the deflection angle O. As is well known, the deflection 
angle 0 is given within classical mechanics by [79] 

0= 7r _ 2b roo dr (1- b2 _ Utot(r))-1/2 (11.35) 
Jr, 7,2 r2 J(A 

where b is the impact parameter, and [{A is the atomic kinetic energy. The 
turning point 7't follows the equation, 1-b2 /r;-U(rd/ J(A = o. Figure 1l.lSa 
shows the deflection angle for a 85Rb atom with [{A/hr = 103 as a function 
of the impact parameter b, in which we assume Qo = 1 m Wand Ll/27r = 
+1.5 GHz with respect to the 85Rb, 5S1/2, F = 2 lower ground state. Such 
a slow Rb atom with an equivalent t.emperature of 200 mK can easily be 
obtained from a laser-cooled atomic beam. As shown in Fig. 11.1Sa, a rather 
large deflection angle 0 '" 0..50 is expected at b '" SO nm. From this, we get a 
deviation of about 0.9 mm from the incident atomic path at a distance 10 cm 
downstream of the sharpened fiber. On the other hand, we see a negative 
deflection angle in the region below b '" 70 nm. This is because the Rb atom 
is attracted to the sharpened fiber by the van der Waals force. 

Act.ually, an atomic beam would be employed for this kind of experiment. 
In this case, the cross section is a well-defined observable because the atom 
flux has a known velocity distribution. Assuming a spherical symmetric po
tential, we can write the differential cross section (1'(0) quantum-mechanically 
with the first Born approximation as follows [79]: 

(II) 12ml°OTT ()sin(qr)dI2 
(1' U '" 2 Vtot r ---r r 

h 0 q 
(11.36) 
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Fig. 11.19. Atom trap with a sharpened fiber placed in the vertical direction. 
a Sketch of an optical van der Waals hybrid trap in which an atom is one
dimensionally trapped by the repulsive dipole force Fd and the attractive van der 
Waals force Fvdw, and b normalized potentials Utot (I·)/hr composed of the re
pulsive optical potential and the attractive cavity potential for both 85Rb, 5S 1/ 2 

ground states near the tip as a function of the distance r from the surface together 
with quantized vibrational energy levels 

where the momentum transfer q is given by 2kA sin( B /2) with an atomic 
wave number kA. Figure 11.18b shows the differential cross section IT(B) for 
an 85Rb atomic beam with a mean kinetic energy of I<A/ hr = 103 as a 
function of the deflection angle B under the same conditions as the above 
classical calculation. As is expected, the cross section is large in a region 
B < 0.20. The total cross section is estimated to be twice as large as rra 2 . 

11.6.3 Atom Trap with a Sharpened Optical Fiber 

An atom trap composed of a sharpened optical fiber has been proposed [24]. 
This atom trap requires a subtle balance among three forces, the attractive 
dipole force, the enhanced radiation pressure, and the centrifugal force. In this 
scheme, an atom can be trapped on a circular orbit near the tip. However, the 
balance condition is more complicated if the cavity QED effects are taken into 
account. In addition, as the AQD for the precise control of atomic motion, 
a static trap is preferable. In fact, a static atom trap with a sharpened fiber 
can be produced by a combination of the dipole force and the cavity forces. 
Here we consider only the van der Waals force, which is dominant in the 
immediate vicinity of the surface. 

Figure l1.19a is a sketch of a one-dimensional atom trap near the hemi
spherical tip of a sharpened fiber placed in the vertical direction. If a proper 
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radius of curvature (a) of the tip is chosen under a proper blue-detuning and 
a proper light-field intensity, as shown in Fig. 11.19a, an atom is pushed back 
by the repulsive dipole force Fd when it approaches the tip, while it is pulled 
back by the attractive van der Waals force Fvdw when it escapes from the 
tip. 

Similarly to the case of atomic deflection, the total potential Utot (r) is 
made up of the repulsive optical potential Uopt(r) and the attractive van 
der Waals cavity potential Ucav(r). Then, the zone where the total poten
tial Utot{r) is minimum is produced around the tip. Figure 11.19b shows an 
example of the potential to trap 85Rb atoms, in which two normalized total 
potentials UtotCr)/hr for both 85Rb, 5S1/ 2 , F = 2 and 3 ground states are 
plotted as a function of the distance r from the hemispherical surface. The 
radius of curvature a is taken to be 20 nm, while the incident power Qo and 
the blue detuning 8/27'0 are 40 mW and +1 GHz, respectively, with respect 
to the 85Rb, 5S1/ 2 , F = 2 lower ground state. 

In this case, the 85Rb atom and the dielectric tip form a sort of di
atomic molecule, so that the atom is trapped in one of the quantized vi
brational energy levels with an order n produced within the potential curve. 
In Fig. 11.19b, the vibrational energy levels with 11 = 0, 1, and 2 are drawn 
for both potentials in the harmonic oscillator approximation. The 85Rb atom 
can make the transition between these vibrational levels via absorption and 
spontaneous emission of photons. However, according to the Frank-Condon 
principle [80], the 85Rb atom trapped, for example, in the n = 0 level of the 
F = 2 lower ground state has little probability of transition to the F = 3 
upper ground state because the wavefunction of the 85Rb atom in the F = 2, 
n = 0 energy level does not overlap much with the other wavefunctions in 
the F = 3 energy levels. As a result, the atom will stay at the same energy 
level for rather a long time. 

In the nano-scale region, gravity is less effective at confining atoms. In fact, 
the depth of the gravitational potential is only 20 nl( in terms of temperature 
for a height change of 100 nm. Therefore, in the above scheme of an atom 
trap, no effective potential to confine an atom is produced along the tip 
surface, so that the atom will escape from the direction sooner or later. On 
the other hand, a two-dimensional trap in a horizontal plane can be produced 
in a similar way to a whispering gallery atom [81]. In this case, an atom will 
be dynamically trapped while rotating around the tip. 

11.6.4 Three-Dimensional Atom Trap 

Basically, an atom t.rap composed of a single sharpened fiber cannot three
dirnensiona.lly confine atoms in a nanometer region, in which the effect of a 
gravitational trap is extremely small: the stable minimum point of a potential 
to trap atoms cannot be three-dimensionally produced near the nanometric 
tip of a sharpened fiber with a simple structure. In addition, even if a nano
metric sharpened fiber with a more complicated structure is employed, the 
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tunnel effect due to the matter wave character of cold atoms will be crucial 
for their confinement. In the case of cold-atom manipulation, the spatial ac
curacy will be determined by the diffraction limit of the atomic de Broglie 
waves. From these circumstances, we need a moderate confined space to trap 
cold atoms tightly with matter wave characteristics. This need also results 
from the fact that the cavity QED effects, including the van der Waals force 
on atoms, are prominent in the near-field region. A feasible method for a 
three-dimensional atom trap is the use of multiple sharpened fibers. 

o~ ______ ~~~ ______ ~ 
-50 

(a) 
Fig. 11.20. Three-dimensional atom trap: a sketch of an atom trap with 
four sharpened fibers arranged tetrahedrally; b normalized cross-sectional profile 
.1U(O, 0, z)/hr in the vertical direction of the potential composed of the repulsive 
optical potentials and the attractive van der Waals cavity potentials on 85Rb as a 
function of the displacement z 

Figure 11.20a shows a three-dimensional atom trap made up offour sharp
ened fibers arranged tetrahedrally. In this trap, an atom is captured at the 
center where the potential is minimum. The total potential U;ot{r) produced 
by each sharpened fiber with a blue-detuned optical near field is the sum 
of the repulsive optical potential U~Pt (r) and the attractive van der Waals 
cavity potential U!dw{r): U:ot(r) = U~pt{r)+U!dw(r) with i = 1,2,3, and 4. 
Then, the three-dimensional trap potential is given by U (r) = Et=l U:ot (r). 

As an example, let us consider the case where the center of the hemispher
ical tip of each sharpened fiber is placed at the center of gravity of each tri
angular face of a tetrahedron with a side L. The four centers of gravity are at 
Pl(O, 0, -L/2V6) , P2{L/6V3, -L/6, L/6V6) , P3 (L/6j3, L/6, L/6V6)' and 
P4 {-L/3V3,0,L/6V6), if the origin of the coordinate is taken to the center 
of gravity of the tetrahedron. Figure 1l.20b shows the cross-sectional profile 
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.1U(O, 0, z) in the vertical direction (the z-axis) of the potential change on 
a 85Rb atom normalized to hr plotted as a function of the z displacement. 
Here, the length of a side is taken t.o be L/a = 11, with a = 50 nm, while 
the incident light power Qo and the blue-detuning d are taken to be 2 m W 
and 211' x 1 GHz, respectively, with respect to the 85Rb, 5S1/ 2 , F = 2 lower 
ground st.ate. 

As shown in Fig. 11.20b, the potential with the minimum at the origin can 
be produced for both 85Rb hyperfine ground states, although the potential 
for the upper ground state is somewhat shallow. A cold atom can be trapped 
in a quantized vibrational level. We also get a similar horizontal profile of 
the potential change. Since the atom stays in the light field for a long time, 
spontaneous transition can occur between both hyperfine states. If an atom 
trapped in the F = 2 lower state is transferred to the F = 3 upper state with 
a higher potential, it has the possibility of being heated due to the motion 
in t.he deeper potential curve. Then, if the atom is turned back to the lower 
state, it may escape from the shallower potential. Thus, the stability of the 
atom trap depends on the spontaneous transition events between the atomic 
states dressed by the optical near field. In other words, the stability will 
depend on the blue detuning, the field intensity, and so on. 

11.7 Future Outlook 

The study of atom manipulation with optical near field has been develop
ing rapidly. For example, some theoretical work has been done by a Russian 
group [82]. Basically, this kind of atom manipulation deals with the dipole 
interaction between atoms and optical near field. In this case, the picture of 
atoms dressed by the optical near field is expected to be a good description 
of the mechanical interaction. This naturally leads us to the quantization 
of the optical near field. However, as has already been pointed out, field 
quantization meets some theoretical difficulties involving the handling of the 
vacuum-matter interface in the nanometric region. How should we define the 
photon number or the creation and annihilation operators of the optical near 
field? How should we express the field operator, including the light frequency 
and the quantization volume? How should we write the Lagrangian or the 
Hamiltonian of the atom + optical near-field system? Thus, the quantum me
chanical treatment of the optical near field, at least regarding the interaction 
with atoms, is one of important issues that must be resolved. 

In this connection, the atom deflection experiments with the scheme de
scribed in Sect. 11.6 will give us useful information on the atom-optical near
field interaction. The profile of optical near field has usually been investigated 
through destructive observation with a fiber probe. However, using atoms as 
a probe, we can investigate the optical near field nondestructively. Therefore, 
this scheme enables one to examine the interaction as a scattering problem 
or an inverse scattering problem. At the same time, we can also check the 
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pertinence of the phenomenological Yukawa model through the study. This 
is very important for an understanding of the short-rallge electromagnetic 
interaction. 

The cavity QED effect in the near-field region is also an important factor, 
but one that is full of open questions. In fact, an experimental result shows 
that the optical near-field space is strongly modified by vacuum-matter inter
action due to the zero-point energy [83]. The hollow fiber and the sharpened 
fiber escorted by the optical near field are powerful tools for the experimen
tal study of cavity QED effects. The scheme of atom deflection described in 
Sect. 11.6 can be applied to the investigation of attractive forces through 
comparison with the dipole force. 

The realization of precise control of atomic motion gives rise to fruitful 
studies in the related area. The use of a bent hollow fiber enables one to carry 
atoms aiming at any point 011 a substrate. For this purpose, an AQW with 
a tapered hollow fiber has been proposed [84]. An AQW with a bent hollow 
fiber can also be used as a novel form of gravitational trap [85]. A hollow fiber 
escorted by a blue-detuned optical near field can be regarded not only as a 
waveguide of atomic de Broglie waves [16], but also as a cavity of an atom 
laser [86]. Moreover, a sharpened fiber with an optical near field can be used 
as quantum tweezers for an atom as well as for a nanometric particle [87]. 

The geometric study of optical near field is also very interesting. As shown 
in Sect. 11.6, the geometric arrangement of the optical near field is crucial 
for atom traps. The differential geometric or topological characters may lead 
us to a new field of research in optics. 

The techniques of AQWs and AQDs also have industrial applications. 
The manipulation of silicon, which is one of the most important materials 
in the semiconductor industry, is the center of interest. For example, we 
will be able to carry out crystal growth of silicon on the atomic scale with 
near-field optical devices if a laser tuned to the guide-wavelength of 252 nm is 
developed. This technique is, of course, also useful in surface science research. 
In addition, near-field optical devices for atom manipulation are great tools 
for isotope separation, as seen in Sect. 11.4. These enable one to carry out 
isotope separation as neutral atoms while being in control of the number and 
the purity. It should be emphasized that it may be possible to manipulate 
molecules with the techniques developed here. Molecule manipulation also 
has wider applications, including isotope separation of carbon and oxygen 
that are important in the medical industry. 

Thus, these advanced techniques of near-field optical atom manipulation 
will open new areas of scientific research, including quantum mechanical 
and quantum optical subjects, and industrial applications including nano
fabrication. 
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Chapter 12 

Related Theories 

12.1 Comparison of Theoretical Approaches 

Several approaches have been proposed for optical near-field problems. These 
have been used for analyzing experimental results as well as in trying to 
understand the phenomena observed in the experiments and their underlying 
physics. 

Tables 12.1 categorize and summarize such approaches in terms of their 
theoretical framework, method, and viewpoint. As emphasized in Chap. 1, 
here one should keep in mind that sample-probe interaction via the optical 
near field is essential for near-field optical microscopy and spectroscopy, and 
that a three-dimensional treatment is essential. As pointed out in Chaps. 2 
and 6, resolution, contrast, and sensitivity are also very closely related to 
the probe's apex size and the cone angle, the approach distance, illumina
tion conditions (such as the polarization of incident light), and the scanning 
method (such as constant-height mode or constant-distance mode). Thus, the 
most desirable theoretical approach is one that can take account of all these 
considerations consistently, as well as provide physical insights. 

Macroscopic approaches require electromagnetic boundary conditions in 
order to solve the equations, but it is generally difficult in macroscopic ap
proaches to set boundary conditions for arbitrary three-dimensional objects, 
instead of using numerical point-to-pointmatching. Owing to the high cost 
of such approaches in computational time, they are usually applied only to 
two-dimensional problems. Moreover, they cannot systematically provide any 
spectroscopic information on nanometric/mesoscopic systems; nor can they 
handle quantum systems such as single atoms/molecules, quantum dots, 
and internal degrees of freedom such as spin/angular momentum. Semi
microscopic and microscopic approaches, on the other hand, can do these 
things, although they also require numerical computation that takes a time 
which is roughly proportional to the third power of the space to be considered. 

We will therefore concentrate on the semi-microscopic and microscopic 
approaches in the following sections. Readers interested in a specific approach 
listed in Tables 12.1, are recommended to refer to the papers cited, review 
articles [1-3], and books [4-6], all of which are publicly available. 

M. Ohtsu (ed.), Near-field Nano/Atom Optics and Technology
© Springer-Verlag Tokyo 1998
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Table 12.1. Comparison of theoretical approaches 

Object analyzed 
Probe 
or Probe-sample system 

Category Method sample 

Field Field Scan Spect-

distri- distri- inten- roscopy Force 

but ion bution sity 

Rayleigh[7} 
Sommerfeld[8} 

Diffrac- BOrn[9} 

tion JackSOn[lO} 
theory Bethe[ll} 

Bouwkamp[12} 
Leviatan[13} 
Roberts[H} 

MMP(20) NovotnY[l.} Pohl[16} Novot-

NovotnY[18} Novotny nY[19} 
MMP(30) [17} 
Mie Mie(20) 
scatter- Hulst[21} Barch-

Macl'o- illg Newton[22} iesi[23} 

scopic Prasad[24} 

(classical Grating Petit[25) 

electrody theory Labeke[26} Labeke 
namics) (pel·tlll'- Sentenac[27) [30} 

bation) Goudonnet[28} Wang[31} 

Barchiesi[29} 
BEM(:m) Tanaka(32) Kawata 

[33} 
Green 
dyadic DereUX[34} 
(20) 
Non- Jang [36} 

global Depasse[35} Zvyagin 
[37,38} 

FDTD Chris- Baian 

(20) tensen[39} Kann[4'} (43) 
Kann[40} 

FDTD Furu-
(3~) kaWa(42) 

Intuitive Denk[(4) Banno['5) 

[cont'd] 
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Table 12.1. cont'd 

Object analyzed 

Probe 
or Probe-sample system 

Category Method sample 
Field Field Scan Spect-
distri- distri- inten- roscopy Force 

bution bution sity 

Weyl[461 OhtsU[61 
Angular Wolf[471 Berntsen 

Fourier spectrum Sheppard[481 [501 
optic Madrazo[491 InoUe[511 

Spectl'mn Uma[52] 

analysis 

Coupled Lukosz[531 Novotny Novotny 

dipole Tauben- [56] [551 
Semi- blatt[541 

micro- Image Jhe[571 Ruppin 
scopic dipole [581 

Lineal' Kubo[921 Kobayashi 
l'esponse [59_611 

Girard 
Self- [63,65] Girard Girard 

consistent Agarwal[G21 Labani[641 [671 [G81 
field Keller[GGI 

Li[691 
Iterative Martin Martin Hanewin-

Micro- [70-721 [731 kel[911 
scopic Semi- Girard[761 

quantuln Cho[741 Cho[751 Cho[771 
theory Kobaya-

shi[781 
Intuitive Vigoureux Hori[801 Hori [801 

[791 OhtsU[61 Ohtsu [21 
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12.2 Semi-microscopic and Microscopic Approaches 

12.2.1 Basic Equations 

In semi-microscopic and microscopic approaches, an optical field is repre
sented by an electric field satisfying the Maxwell equations (classical), while 
a material system (probe and sample) is described in either classical or 
quantum mechanical terms. On the assumption that there are no external 
charges and currents, and that the time-dependence is the homogeneous one, 
exp ( -iwt), the Maxwell equations read [8-10,22] 

'V' [E (r,w) + 411"P (r,w)] = 0 

'V.H(r,w)=O 

'V x E (r,w) = i (~) H (r,w) 

'V x H (r,w) = -i (~) [E (r,w) + 411"P (r,w)] 

(12.1) 

(12.2) 

( 12.3) 

(12.4) 

The vector wave equation for the electric field E (r, w) is readily obtained by 
taking a rotation of Eq. 12.3, and with the help of Eq. 12.4: 

'V x 'V x E (r,w) = (~) 2 [E (r,w) + 411"P (r,w)] = (~) 2 D (r,w) (12.5) 

that is, 

v x 'V x E (r,w) - (~f E (r,w) = 411" (~f P (r,w) (12.6) 

or 

V ['V ·E(r,w)]- [Ll+ (~r] E(r,w) =411" (~f P(r,w) (12.7) 

Alternatively, we have 

D (r,w) = < (r,w) E (r,w), V (r,w) == (~) 2 [< (r,w) - <red (12.8) 

V x V x E (r,w) - (~r <rerE (r,w) = V (r,w) E (r,w) (12.9) 

Mathematically, Eqs. 12.6 and 12.9 have the same structure, namely, an inho
mogeneous equation with the source term (right-hand side); the only differ
ence is in their viewpoint. This might be easier to understand if the equations 
are transformed into the integral form as 

E (r,w) Eo(r,w)+ f'IT'(r,r',w),p(r',w)d3 r' (12.10) 

Eo (r,w) + f G(r,r',w)· V (r',w) E (r',w)d3 r' (12.11) 
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in terms of the field propagator 1I' (1',1", w) in free space. Here Eo (1', w) is a 
solution of the homogeneous equation, or incident field, and the field propa
gator satisfies the following equations: 

'V x 'V x 1l' (1',1",w) - (;f1l'(1',1",w) = 411" C~·f 15(1' -1") (12.12) 

1I' (1',1",w) = 411" (~r G(1',1",w) (12.13) 

Equation 12.10 emphasizes the optical response of the infinitesimal fluctu
ating volume of polarized matter P (1',w), or approximately the dipole mo
ments, while Eq. 12.11 treats it as light sca.ttering from a mesoscopic/nano
metric probe apex-sample system perturbed by V (1', w). If we note the op
tical linear response of the material with susceptibility X (1', w), 

P(1',w) = X(1',w)E(1',w) (12.14) 

we can rewrite Eq. 12.10 as 

E (1',w) = Eo (1',w) + f 1I' (1', 1",w) . X (1",w) E (1",w) d3r' (12.15) 

It follows from Eqs. 12.11 and 12.15 that there is no need to impose the 
additional electromagnetic boundary conditions required for the macroscopic 
approaches, and that the interactions between probe and sample are self
consistently taken into consideration. The latter can be seen more explicitly 
if the susceptibility is set as 

sample 

x(r,w) = L (Xi (w)~(1' -1';) (12.16) 
;=probe 

by using the point-like polarizability (X; (w)j the effective field in the sample-
probe system is then given by 

sample 

E (1',w) = Eo (1',w) + L 1I' (1',1';,w)· (Xi (w) E (1'i'W) (12.17) 
i=probe 

This is especially preferable from t,he atomic/molecular viewpoint.. As will 
be shown in Sect. 12.2.4, one can solve optical near-field problems in either 
a classical or a hybrid way by evaluating the susceptibility with the help of 
quantum mechanics. Moreover, there are several possible ways of obtaining 
the effective field numerically by discretizing in 

1. coordinate (r-) space, 
2. Fourier (q-) space, or 
3. part.ia.l wave (/-) space. 

We will work in r-space in the following sections, because we intend to focus 
on sub-wavelength phenomena. 
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z 

Fig. 12.1. Modeling coordinate system 

12.2.2 Example of an Evanescent Field 

In the previous section we described the basic equations that we rely on, 
and outlined how to approach optical near-field problems from the semi
microscopic and microscopic points of view. Before going into detail, let us 
give an example of an evanescent field generated at a flat interface by total 
internal reflection (see Fig. 12.1). This corresponds to Eo (r,w) in Eqs. 12.10 
and 12.1l. 

According to the Fresnel formula [9, 10], a p-polarized electric field (par
allel to the plane of incidence) can be expressed as 

Eo (r,w) = Epep exp [i (K· r - wt)] 

e p = [-i)(n 1 sinO/n2)2 -1,0,sinB/n2] Np 

2n1 cos 0 
Ep=--------~~========== 

n2 cos 0 + in1 )(n1/n2)2 sin2 0 - 1 

(12.18) 

(12.19) 

( 12.20) 

while an s-polarized field (perpendicular to the plane of incidence) can be 
written in the form 

Eo (r,w) = Eses exp [i (K . r - wt)] es = [0,1,0] 
2n1 cos 0 

Es =-----------?============= 
n1 cosO + in2)(n1/n2)2 sin2 0 - 1 

(12.21) 

(12.22) 
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Here the incident angle (J exceeds the critical angle (Jcr = sin-1 (n2/nt), and 
the complex wave number is given by 

K = 2~11 [Sin (J, 0, iJsin2 (J - (n2/nt}2] (12.23) 

In Eq. 12.19, the normalization constant is designated Np • It follows from 
the above equat.ions that the amplitude of the evanescent field drops off ex
ponentially in a direction normal to the surface (z-direction) as it penetrates 
the less dense medium (n2), whose length is given by I K; 11. 

12.2.3 Direct and Indirect Field Propagators 

In Sect. 12.2.1, we used the field propagator 1I' (r, r', w) in free space to ob
tain t.he optical effective field. If we include the reflection effect. from the 
substrate that supports the sample, we have to introduce another field prop
agator lI'indirect (r, r', w). To avoid confusion, the former will be denoted as 
lI'direct (r, r', w), and thus 1I' (r, r', w) in Sect. 12.2.1 should be replaced by the 
sum of both propagators, as follows: 

1I' (r, r' ,w) = lI'direct (r, r', w) + lI'indirect (r, r', w) (12.24) 

Let us now show the explicit form of Eq. 12.24. Noting that the field 
propagator given by 

exp (iq 11' - r/l) 
<Go (r,r') = I 'I r-r 

(12.25) 

is a solution of the equation 

(12.26) 

we have 

lI'direcdr,r',w) = (q 21I+ \7\7). G.. (r,r'), q = (~) (12.27) 

Here the unit matrix is denoted as 1I. By simple algebraic calculation, we can 
verify that Eq. 12.27 satisfies Eq. 12.12, which is what we want. By setting 
R = r - r' and R = Ir - r'l, and using the relation 

\7 R . exp~qR) P (r' , w) = P (r' , w) . \7 R exp~qR) 

_ P (' ). {(. ) exp{iqR) _ eXP{iqR)} (!1) - r ,w 1.q R R2 R 

we can obtain the following explicit form of the direct part: 

(12.28) 

(12.29) 

1I' direct{ r, r', w) = {1I' 3 (r, r') + 1I'2 (r, r') + 1I' dr, r'n exp (iqR) (12.30) 
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with 

1f'a(r, r') 
3RR· -R2JI 

(12.31) R5 

1f'2 (r, r') (-iq) (3RR~:R2JI) (12.32) 

1f'1 (r, 1.') 2 (R2JI- RR.) 
q R3 (12.33) 

This consists of three terms, each of which is responsible for quasi-static, 
radiative, and far-field propagation, respectively. 

Now let us turn to the indirect part. Assume a point dipole moment p (w) 
at ro above the infinite flat plane which divides the space into [I] z > 0 and 
[II] z < O. In order to find the electric field at r (close to the source point ro) 
as £(+) (r, w) = 1f'indirect (r, 1'0, w) . P (w), we will expand the optical field in 
regions [I] and [II] in terms of the plane wave basis [62], using what is called 
angular spectrum representation. 

E(I) (r,w) = [q2JI+V(p(w)·V)]Go(r,r') 

+ !£(+) (u,v;w)exp(iKo·r)dudv (12.34) 

E(2) (r,w) = ! £(2) (u,v;w)exp(iK'.r)dudv (12.35) 

The first term of Eq. 12.34 represents the radiation field due to the dipole 
moment 1) (w). The second term and the right-hand side of Eq. 12.35 indicate 
the fields reflected from, and transmitted to, the interface. It is also convenient 
to expand <Go (r, r/) similarly, 

I 'i! dudv [. ( ')' ( ')' I 'I] ( ) Go (r, r ) = - -- exp tu x - X + tv y - y + ZWo z - z 12.36 
211" Wo 

in order to satisfy the continuity conditions of both electric and magnetic 
fields at z = O. After expressing £(+) (u,v;w) in terms of p(w) and KII = 
(u, v), we can obtain 1f'indirect in (u, v) space. If we take a limit as c -t 00, 

neglecting the retardation effect, we obtain the compact form of the indirect 
part: 

1 f(w)-l 
1f'indirect (r, r', w) -t 211" f (w) + 1 

J d;(~V exp [iKII . (rll - ril) - KII (z + Zl)] 

( 
u2 uv -iKWU) 

x ltv v2 -iI~IV (12.37) 
iKII u iKII v KII 
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f(w) - 1 (-1 0 0) 
() 1 1r 3 (r, rM) . 0 -1 0 

fW+ 0 0 1 
(12.38) 

This gives us a very clear physical interpretation, showing the field prop
agation from the image point rM = (x', y', -z') of the dipole location 
r' = (x', y', z') to the observation point r = (x, y, z). 

12.2.4 Electric Susceptibility of Matter 

In this section we discuss the electric susceptibility of matter with the help 
of quantum theory. Following the usual linear response theory [82,89]' we 
initially assume that a fixed external optical field E (r, t) is imposed on an 
electron many-particle system within the first order in E (r, t). The total 
Hamiltonian for each electron (charge e, mass M, momentum p) is given in 
the minimal coupling [88] 

_ p2 
H 0 = 2M + U (r) , 

H = Ho+H1 

e 
H1 == -2Mc (p·A+A .p) 

(12.39) 

(12.40) 

where the potential energy is denoted as U (r). Using a Fourier transform of 
the external field E (r, t) and vector potential A (r, t) with Coulomb gauge, 

00 

E(r,t) = E(r) J dwE(w)exp(-iwt) (12.41) 

-00 

t 

A (r, t) -c J dt' E (r, t') 
-00 

00 

= cE(r) J dwE(w) (~) exp(-iwt) 
w+~." 

(12.42) 

-00 

we obtain the Fourier transform of H 1 as 

- ieh - (-i) Hdr,w) = 2M ('\7·E(1·)+E(r)·'\7)E(w) w+i." (12.43) 

Since the expectation value of anyone-body operator 01 evolving according 
to the time-dependent Schrodinger equation can be expressed as (01) = 
Tr {p (t) ad, the expectation value of the current (density n (r) and velocity 
v), 

j(r,t) 
e [n (r) v + vn (r)] 

2 
(12.44) 
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( 2 ~! ) [n (1') P + pn (r )) - (~; C) A (r , t) n (r) 

io (r) + i1 (r, t) 

is obtained by keeping terms up to the first order in E in the form 

(j (r, t)) = Tr [Pail) + Tr [Pdo) 

(12.45) 

(12.46) 

(12.47) 

Here the density operator p (t), satisfying the Liouville equation ihdp (t) /dt = 
[Ho + Hl,p(t)) is also kept up to the first order in the form 

P (t) = Po + PI (t) (12.48) 

where Po is constructed from the orthonormal basis {-,pa} of eigenstates with 
the eigenvalue fa of the unperturbed Hamiltonian Ho as 

(12.49) 

In order to obtain the explicit form of the current response, we transform the 
Liouville equation into Fourier w-space, 

(12.50) 

and taking matrix elements between states (0' I and 1,8), we get 

(0'1 h 1,8) = f (f{3) - f (f~) (0'1 H11,B) , 
f{3a + hw + 't17 

(12.51) 

Thus the first term (diamagnetic term) in Eq. J.2.47 can be reduced to 

Noting that E = (iw/c) A and i = -iwP = -iwXE, we can find the dia
magnetic susceptibility as 

e2 
x(r,r',w) = ---')n(1')8(r -r')ll 

Mw~ 
(12.53) 

For the second term (paramagnetic term) in Eq. 12.47, with the help of 
Eq. 12.51, we have 

Tr [Pdo) L f (f{3) - f (f~) (~) 
f{3a + hw + tTJ W 

a,{3 

[/ d3 r' (O'lio (r'). E (r') 1,8)] (,8lio (r) 10') (12.54) 
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With the help of I' (1',w) = (i/w)io (1'), the paramagnetic susceptibility in 
nonlocal form can be obtained as 

x (.,.,.,.', w) = L f (f{J) - f (f~) (all' (.,.') IP) (PI I' (.,.) la} 
f{JOt + hw + Z1J 

Ot,{J 

(12.55) 

Before moving on to the next section, let us remark on the classical coun
terpart of the susceptibility derived above. If we consider a region that is small 
in relation to the wavelength, where both the driving field and material re
sponse are spatially uniform, we may approximate nonlocal susceptibility as 
locally uniform susceptibility X (w). It can then be related to the macroscopic 
(classical) dielectric function f (w) as follows: 

3 f(w) - 1 
X(w) = 411"f(W)+2 (12.56) 

including the depolarization effect (Lorentz-Lorenz effect). Alternatively, we 
can regard it as a polarizable sphere of radius r whose polarizability is 

a(w) = (411") r3x (w) = f(W) - l r3 
3 f(W) +2 

(12.57) 

12.3 Numerical Examples 

In accordance with the above formulation, we will now numerically describe 
typical signal behavior in near-field optical microscopy and spectroscopy. Let 
us recall how a fiber probe is functionalized and fabricated in practice, as 
described in detail in Chaps. 2 and 3. As the idealized limit of a nanometric 
protruded probe with a metal coating, we approximate it as a nanometric 
sphere with radius a. One or a series of nanometric spheres with radius bare 
also assumed as an idealized sample embedded in a homogeneous medium 
with refractive index n2 on a flat substrate with refractive index ni, (ni > n2). 
Figure 12.2 illustrates such a modeling configuration. 

In the collection mode (c-mode), an optical evanescent field Eo (.,., w) 
(with a monochromatic frequency w) is initially generated at the interface 
by total internal reflection. A p- or s-polarized plane wave incidence, with 
unit amplitude and incident angle 8, is assumed, as explained in Sect. 12.2.2. 
The effective field to be used for signal calculation is a solution of Eq. 12.17 
with a field propagator (cf. Sect. 12.2.3) and susceptibility (cf. Sect. 12.2.4), 
and the parameters used in the simulation al·e explicitly mentioned in each 
relevant subsection. 

12.3.1 Weak vs. Strong Coupling 

Before going into numerical details, it may be helpful to make an order esti
mate of the absolute value of the second term in Eq. 12.17 compared with the 
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Fig. 12.2. Modeling configuration 

Scanning 
methods 

first term. Since the second term represents the interaction between probe 
and sample, it may be said that the coupling of the probe and sample is 
weak if the second term is much smaller than the first term. Conversely, 
it may be said that the coupling is strong if the opposite is true. When a 
weakly coupled system is considered, one may be justified in using a pertur
bative method [37,59], that is, in replacing E (1', w) in the second term by 
Eo (1', w), which saves a lot of computational time. As the system becomes 
strongly coupled, we have to solve the equation precisely by, for example, the 
matrix inversion method, which takes much more time than the perturba
tive method. Such a case, which is related to resonance phenomena, will be 
discussed in more detail in Sect. 12.3.4. 

Let us look at an example of weak coupling: Fig. 12.3 depicts near-field 
signals defined by IE (1' = Rp, w) 12, the square modulus of the effective field 
at the probe center R p , as a function of the scanning position. The radii of 
the probe and sample sphere are both 20 nm, and the dielectric constants 
are fp = 2.25 and fs = 4.0 for the wavelength of incident light ,\ = 780 nm. 
P-polarized light (the electric field in the incident xz plane) is incident at 
an angle e = 45° from the substrate side n1 = 1.5 to the air side 112 = 1.0. 
Dotted and solid lines represent the results for perturbative calculation and 
exact calculation, respectively, and both curves show the same characteristic 
peak in the signal for p-polarization at the center of the sample. Judging from 
the figure, the perturbative approach seems reasonable with respect to the 
relevant sizes of the probe and sample spheres, and the approach distance. 
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Fig. 12.3. Near-field signals as a flmction of the scanning position (p-polarization). 
Dotted and solid lines represent the results for perturbative calculation and exact 
calculation, respectively 

Note that the signals coming from the z component of the effective field are 
about ten times larger than those from the x component. 

Figure 12.4 shows the incident s-polarization case (in which the electric 
field is perpendicular to the incident xz plane). The edge behavior depends 
on the scanning direction; but basically the signal for s-polarization has a dip 
at the center of the sample. The experimental results described in previous 
chapters (Figs. 6.6 and 6.9 in Chap. 6, Figs. 7.6 and 7.9 in Chap. 7, and 
Fig. 8.11 in Chap. 8) show the characteristics. 

The above characteristics for the interpretation of experimental images 
can be qualitatively understood from the signs of the polarizability of the 
samples and the field propagator. Noting that the signal modulation mainly 
comes from the quasi-static dipole term 11'3 (r, r') in the near-field range, we 
examine the sign of the quasi-static term. When both have the same sign, the 
second term in the perturbative version of Eq. 12.17 is added in phase with 
the first term, and a signal peak occurs. On the other hand, when they have 
opposite signs, a signal dip occurs. From Eq. 12.57, the polarizability 0' (w) 
is positive (negative) when the dielectric constant (assumed to be real, for 
simplicity) of the sample is larger (smaller) t.han unity. To the incident field 
for s-polarization, the initial evanescent field has only the y component, and 
11'3 (r, r') becomes negative on the z axis, and thus a signal dip manifests itself 
in t{w) > 1. To the incident field for p-polarization, the initial evanescent 
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Fig. 12.4. Near-field signals as a function of the scanning position (s-polarization). 
Solid lines with filled circles and open circles represent the results for the x-scan 
and y-scan, respectively 

field has a dominant z component and 11.'3 (r, r') becomes positive on the z 
axis. Therefore the signal of a sample with t: (w) > 1 has a peak at the center. 

Finally, we comment on the different edge behavior for s-polarization. 
Qualitatively, this can result from the existence of any dielectric constant 
difference in the direction of the electric field vector at a scanning point. 
When the probe is scanned parallel to the direction of the electric field vector, 
there is a gap in the dielectric constant near the edges of the sample. On the 
other hand, there is continuity in the dielectric constant when the probe is 
scanned vertically to the electric field vector. This difference produces the 
different signal behavior near the edges. 

12.3.2 Near-Field- and Far-Field-Propagating Signals 

We begin by defining the signal intensity Irar (9), which from now on we will 
call the far-field-propagating signal, as integration of IErar (R + Hp, w)12 over 
the solid angle d.!1 = sin 9d9d</>, 

lrar (9) = ! R2d.!1 IErar (R+ Rp,w)12 . (12.58) 

Here, Erar (R + R p , w) designates the field propagated to the point R = 
(Rsin 9 cos </>, Rsin 9 sin </>, Rcos 9) in the far zone, originating in the effective 
near field at the center of the probe Hp. 
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Using the explicit representation of '1r dr, 1") in Eq. 12.33, we can write 

( 
sin2 8 cos2 4> - 1 sin2 8 sin 4> cos 4> 

s = sin2 8 sin 4> cos 4> sin2 8 sin2 4> - 1 
sin 8 cos 8 cos 4> sin 8 cos 8 sin 4> 

Thus, Irar (0) can be rewritten as 

2,.. 8 

sin 8 cos 8 cos 4> ) 
sin 8 cos 8 sin 4> 

cos2 8 - 1 

(12.60) 

. E (Rp,w) 

(12.61) 

Ifar (8) q41ap (w)l2 f d4> f sinOd8 (lsxl2 + Isyl2 + Iszl2) (12.62) 

o 0 

q41ap (w)1 2 [(lEx (Rp,w)12 + lEy (Rp,w)l2) 

. (16 - 15 cos 8 - cos 38) 

+ IEz (Rp, w)l2 (16 - 18 cos 0 + 2 cos 30)] (12.63) 

If the far-field propagation is perfectly coupled to a fiber mode, the angle 8 
corresponds to the cone angle of the probe described in Chaps. 2 and 3, and 
Ifar (8) is the physical quantity to be compared with the experimentally mea
sured signal int.ensity. It is worth noting that the near-field signal considered 
in the previous section, Inear = IE (Rp, w)12 , is a special case of Ifar (8 = 90°) 
apart from the coefficient 16 q41ap (w) 12 , and that the far-field-propagating 
signal for p-polarization has a stronger dependence on the cone angle 0 than 
that for s-polarization. 

We give a clear example of how the cone angle of the probe affects the 
far-field-propagating signal [60,61]. Let both probe and sample spheres have 
a radius of 15 nm, and let the probe be scanned constantly on the z = 60 
nm plane from the substrate surface. We assume an argon laser beam with a 
wavelength of 488 nm, directed onto the glass prism under the total internal 
reflection condition (c-mode). Figure 12.5 illustrates the fact that the signal 
intensity for p-polarization has a peak at the center of the sample (as before) 
when 8 is larger than about 45° , while it has peaks at the edges of the sample 
when a smaller value of 8 is used. The signal intensity for s-polarization, not 
shown in the figure, has similar behavior to that described in the previous sec
tion (see Fig. 12.4). When a smaller value of 0 is used, the width between the 
peaks for p-polarization is broader than that for s-polarization. For a larger 
value of 8, the far-field-propagating signal is similar to the near-field signal. 
This simulated behavior coincides with the experimental findings discussed 
in Chaps. 7 alid 8. 
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Fig. 12.5. Far-field-propagating signals for p-polarization as a function of the scan
ning position. The results for 8 = 15°,30°, 45°, and 60° are shown clockwise from 
the top-right 

The 8 dependence can be int.erpreted as indicating that the z component 
of the dipole field excited by p-polarization light propagates less in the z
direction of the far-field zone. 

The contrast of the scanning intensity (normalized intensity modulation) 
varies according to the cone angle 8 ofthe probe and the incident polarization. 
From the figures, it follows that t.he contrast for p-polarization is about one 
and a half times as large as that for s-polarization (see Fig. 12.4). This is 
because the signal intensity for s-polarization, namely, the denominator of 
the normalization factor, is larger than that for p-polarization when a smaller 
value of 8 is employed. The contrast and signal behavior might vary according 
to the scanning method used for the probe. We will examine this point in 
more detail in the next section. 

12.3.3 Scallllillg Methods 

We now demonstrate how the far-field-propagating signal intensities and con
trast (or visibility) as functions of the cone angle 8 of the probe depend 
on two fundamental linear polarizations of incident light and three scan
ning methods used for the probe: constant-height, constant-distance, and 
constant-intensity. Using the same parameters as in the previous subsections, 
we evaluate the visibility or contrast 
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Fig. 12.6. Polarization-dependent visibility and normalized far-field-propagating 
signals as functions of the cone angle f} (constant-height and constant-intensity 
modes). Solid lines with open circles and filled circles represent the results for p
polarization and s-polarization, respectively 

v (9) = /~~ (9) - /~~n (9) 
/max (9) + /mm (9) 
far far 

(12.64) 

as a function of the cone angle 9, where the terms max and min represent 
the maximum and minimum of Irar (9) defined in Eq. 12.62 for each scan. We 
use the term "constant-height mode" for the situation in which the probe 
is scanned horizontally while the z component of the probe apex position 
remains constant, and the term "constant-distance mode" for the situation 
in which the probe is scanned along the sample geometry so that the distance 
either between the probe apex and the surface of the substrate or between 
the probe apex and the sample surface remains constant. In the "constant
intensity mode," the probe is scanned so that the trajectory gives a contour 
map of the intensity. 

Figure 12.6 shows the far-field-propagating signal normalized by that for 
9 = 900 and p-polarization, as well as the polarization-dependent visibility, 
in both constant-height and constant-intensity modes. It follows from the 
figures that. p-polarizatioll is preferable for a probe with a cone angle of more 
than about 600 , in order to maximize the contrast (visibility) and maintain a 
high signal intensity. For s-polarization, a probe with a cone angle of around 
300 would be preferable. 
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Fig. 12.7. Polarization-dependent visibility and normalized far-field-propagating 
signals as functions of the cone angle B (constant-distance mode). Solid lines 
with open circles and filled circles represent the results for p-polarization and s
polarization, respectively 

The visibilit.y becomes higher in the constant-distance mode than in the 
constant-height mode for both p- and s-polarization, because the probe apex 
is scanned closer to the surface of the substrate, and the baseline of the signal 
intensity rises. As can be seen in Fig. 12.7, the visibility for s-polarization 
is better than for p-polarization, unlike in the constant-height and constant
intensity modes. 

For each polarization and scanning method, as we have seen, the cone 
angle of the probe has an optimal value for maximizing the contrast and 
maintaining a high signal intensity. These numerical results support the as
sertion t.hat the cone angle of the fiber probe is one of the critical parameters 
in experimental resolution and contrast, as emphasized in Chaps. 2, 6,7, and 
9. 

12.3.4 Possibility of Spin-Polarization Detection 

In the preceding subsections, the sample-probe systems were regarded as 
weak-coupling systems that allow the use of a perturbative method. Reso
nance phenomena, however, such as local plasmon resonance and proximity 
resonance, lead systems toward the limit of strong coupling. We therefore 
focus on this limit in order to study some aspects of the potential of near-
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field optical spectroscopy - local polarization spectroscopy - based on the 
microscopic approach [78]. 

Let us consider a strong-coupling system of probe apex and sample, 
schematically illustrated in Fig. 12.8a. The sample is locally illuminated by 
a light field with circular polarization created in the near zone of the probe 
apex, and is resonantly excited (pumped) from the ground state to the ex
cited state. To sense the state of the sample, we use a linearly polarized 
evanescent field on the substrate, generated by total internal reflection, which 
corresponds to a probe beam. An effective field is then induced at the probe 
apex as a result of interaction among the sample, substrate, and probe apex, 
triggered by the evanescent field, as described in Sect. 12.2.1: 

sample 

E (r,w) = Eo (r,w) + . L J '][' (r,r',w) xdr',w) E (r',w) d3 r' (12.65) 
s=probe r'Ei 

If we rewrite the equation formally for the effective field E (r, w) as 

A (r,w) E (r,w) = Eo (r,w) (12.66) 

it follows that det (A (r, w)) = 0 gives information about the state of the sam
ple when the sample-probe system is resonantly coupled in terms of frequency 
and sample-probe separation. We are now interested in the internal degrees 
of freedom of the sample, such as the spin/angular momentum, and therefore 
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we derive the susceptibility tensor of the sample, Xs (r,w), in a similar way 
to that described in Sect. 12.2.4. For simplicity, we choose the quasi-two-Ievel 
system shown in Fig. 12.8b. We assume that there is initially no population 
in the excited state, and that the ground state coherence (m"" my) and spin 
polarization m z , expressed as 

m", = P12 + P21, my = i (P21 - P12) , mz = P22 - Pll (12.67) 

are not zero, and that all states have the same dephasing rate r. Noting that 
non-zero matrix elements of HI and /1 are given only by the states between 
11) and 13), 11) and 14), 12) and 13), and 12) and 14), we can obtain the density 
operator in the steady state from the condition dpjdt = 0 Using the dipole 
operator and the density operator, we can express the induced polarization 
P (r,w) as [90] 

P (r,w) NTr (/1p) = Xs (r,w) E (r,w) 

XO ( -:i~, imz -:im, ) 
Xs(r,w) 1 zm", (12.68) 

zmy -un", 1 

xo -
2J-lkY (J, r) N 

hr 

where J-lE is the radial overlap integral of the dipole moment, N is the density, 
and Y (J, r) denotes the frequency-dependent factor given by the detuning J 
and the dephasing rate r as 

y(J,r) = --15-' = r 2 1 (-i.+i) 
r+ t 1+(~) 

(12.69) 

It is worth recalling that the off-diagonal parts of the susceptibility (except 
m z ) disappear if the transition probability between sublevels is not taken into 
account. The explicit expression for Xs (r, w) indicates that the coherence m", 
and spin polarization m z are mainly selected by the s-polarized evanescent 
field, while the coherences m", and my are predominantly selected by the p
polarization evanescent field. It is also possible to describe the susceptibility 
of the probe apex xp (1', w) in a similar way, but for simplicity we approximate 
it by a classical macroscopic value as follows: 

Xp(r,w) (12.70) 

In the following, we employ as a probe apex a sphere of radius a. = 10 nm 
located at a varying position Rp. A sample is assumed to be a collection of 
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points that have only internal degrees offreedom (the quasi-two-Ievel system 
shown in Fig. 12.8b), and that are located at 10 nm from the substrate 
surface. Regarding the coupling strength, we use /-'E = 3-10 debye (D), N = 
1/ (10 nm)3 r- 1 = 10 ns, and a = ° unless explicitly stated otherwise. To 
simplify th~ calculation, we will choose a single point from the sample, and 
use an apex sphere for the sample-probe system. As an initial evanescent 
field normalized at the substrate surface, we use 

{ 
(0, 1,0)exp ~,:::rl exp(-iwt) , for s-polarization 

Eo (r,w) = .. . 
(0,0, 1) exp =.!. exp (-zwt), for p-polaflzatlOn 

reff 

(12.71) 

where reff represents the decay length of the evanescent field, which is set 
as 10 nm unless otherwise stated. The signal intensity as a function of the 
probe apex position is shown in Figs. 12.9 and 12.10 when the probe apex 
is scanned in the z-direction (/-'E = 10 D). As typical characteristics, the 
peak intensities of the (1,0,0) and (0,0,1) states are reduced and shifted for 
s-polarization (see Fig. 12.9). 

For p-polarization, the peak intensities of the (1,0,0) state and the (0,1,0) 
state are reduced, but not shifted (Fig. 12.10). Here it should be noted that 
the signal-to-background (noise) ratio in a recent experiment [81] was re
ported to be about 3:1, where the fluorescence detection intensity as a func
tion of the sample-probe separation was measured by photon counting. These 
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results suggest that it is possible optically to distinguish the sample states in 
the sample-probe configuration, and might be interpreted as a consequence 
of a coupling between frequency and configurational resonances. 
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Fig. 12.10. Approach curves for p-polarization. The results for the states (0,0,0) 
and (1,0,0) are shown by solid lines with filled circles and open rectangles, respec
tively 

12.4 Effective Field and Massive Virtual Photon Model 

We have so far outlined a field propagator method that can be applied to 
optical near-field problems, and given some numerical results followed by 
qualitative discussion. We have also shown that potential study of near-field 
optical microscopy (NOM) can be discussed by relying on the microscopic 
or semi-microscopic approach within some approximations. At this stage, we 
should not forget an intuitive model- the massive virtual photon model [2,6, 
80j- based on profound physical insight, which will provide a very instructive 
and critical way of thinking for future developments of optical near-field
related theories. Let us therefore consider this model (with nonzero effective 
mass) and discuss the physics behind it. 

The model is based on the analogy of a "virtual particle" or a "normal 
mode" in quantum field theory (see, for example, [88]), which violates the 
usual energy conservation principle to survive for a very short time deter
mined by the Heisenberg uncertainty principle. In vacuum, electromagnetic 
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interaction governed by the Helmholtz equation (cf. Eq. 12.7) is due to the 
exchange of virtual photons (with mass = 0). If we can assume the Klein
Gordon equation to be 

( m ffC)-l ('\72 - A~2) ¢(r) = 0, Ac = -+- ,..., a« A (12.72) 

after renormalizing the induced source term (light-matter interaction) empir
ically, we can obtain the well-known Yukawa function: 

¢(r) = exp(-r/Ac) 
r 

(12.73) 

This gives us a screen.ed and finite-range interaction, owing to virtual photon 
exchange with a nonzero mass (meff). Since an evanescent field has a wave 
number parallel to a material surface (larger than wi c) and one perpendic
ular to the surface that is purely imaginary, the effective field due to the 
interaction is found to be highly localized, in close proximity to a material, 
and highly dependent on the size of sample or probe. From the model, we 
can easily obtain the near-field distribution, for example, in a circular aper
ture with a radius smaller than the wavelength of the light used. Moreover, 
the resolution and contrast of the NOM, as well as the size-dependent signal 
behavior, can be discussed as clearly as in Chap. 2. This coincidence might 
be due to the resemblance between 1/1.3 (quasi-static dipole interaction) and 
the Yukawa function. 

We now make a brief comment on the physics underlying the model. It is 
well known that the bath system represented by the Hamiltonian 

Hbath = LhwoblAbkA + LhwkalAak>' 
k>' k>' 

L ihC (Lk>.ak>. - bk>.al>. + bLak>' - b!..k>.al>.) (12.74) 
k>' 

can in principle be diagonalized by a unitary transformation [85-87], or an 
exciton-polariton operator (eLv, ekv), as 

Hbath = LhwkVeLekV, [ekv,ek,v'] = tSkkltSvvl 
kv 

(12.75) 

Here, each term on the right-hand side of Eq. 12.74 describes a two-level 
atomic or molecular system formed by excitons (blA, bkA ), free photons 
(alA' ak>.), and their interactions, respectively. The coupling strength is de
noted as hC. 

Consider a sample-probe system coupled with a light source and detector 
via interacting photons and a two-level atomic (molecular) host system. Since 
the interaction between the free photons and the host system can be diag
onalized, as explained above, the sample-probe system can be expressed in 
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terms of exciton-polariton, or a normal mode. This view is very similar to the 
massive virtual photon model, but the propagator of the virtual particle has 
a different functional form from the Yukawa function. Thus, establishment of 
a theoretical foundation for the model remains an open problem. 

12.5 Future Direction 

Before closing this chapter, we review the current status of theoretical ap
proaches to optical near-field problems, and comment on what needs to be 
done in the near future. We have reached the stage of interpreting and pre
dicting qualitatively high-resolution imaging of a variety of samples, as seen 
in previous sections. On the other hand, only very limited spectroscopic infor
mation has been obtained so far, although there have been interesting exper
imental results, as mentioned in Chaps. 5, 9, 10 and 11. There will be scope 
for theoretical studies of the near-field spectroscopy of a nanometric/meso
scopic sample, or a quantum system, in order to obtain more than the dipole 
distribution in such a sample. 

From a more theoretical viewpoint, a comprehensive quantum theory for 
optical near-field problems - consistent treatment from excitation to detec
tion - is anticipated, although it will require a lot of careful examination 
and involve many challenges. Such an approach should be size-consistent and 
applicable to both weakly and strongly correlated systems, and it should also 
allow us to perform ground-state as well as excited-state calculations. One 
candidate would be the method of projection operators [83,84]' which is a 
simple but unified and systematic approach ranging from elementary /nuclear 
physics and atomic/molecular physics and chemistry to solid-state physics. 

We may expect that such trials will provide a foundation for the virtual 
photon model described in Sect. 12.4, and will reveal the essence of effective 
sample-probe interaction via the optical near field. 
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- nanometric, 31, 38, 51 
-- flat, 40 
- radius, 15, 19 
- region, 40, 42, 50-52, 54, 57, 59, 61, 

62,64,67 
- size, 15-17, 19,24,51,73,207,267 
- volume, 19 
Apparatus-limited, 1 
Artifact, 10, 111, 122, 142 
Atom, 217-224, 230-232, 235-237, 

239-241, 243-256, 258-262 

- alkali-metal, 219, 220, 231, 241, 249 
- cold, 218, 239, 244, 246, 247, 251, 

260,261 
-- Rb, 251, 253 
- Cs,221 
- dressed, 248, 249, 261 
- ground state, 235 
- guided, 221, 230, 231, 233-235, 241, 

243,244 
- - Rb, 232, 233, 235, 242, 243 
- Rb, 219, 222, 224, 227, 230, 232-234, 

237-239, 242, 243, 245, 246, 248, 251, 
253, 254, 256, 257, 259, 261 

- thermal, 217, 246 
- three-level, 249, 250 
- two-level, 219, 231, 249 
- whispering gallery, 259 
Atom deflection, 261, 262 
Atom flux, 231-235, 239, 242, 243, 257 
Atom guidance, 224, 231, 238 
Atom holography, 240 
Atomic-scale, 223, 240, 243 
- crystal growth, 244 
Atomic-state filter, 246 
Atomic beam, 218, 233, 235, 240, 242, 

257 
- cold, 248, 254 
- Rb, 230-232, 235, 258 
- thermal, 221, 231, 239, 242 
Atomic deflection, 223, 256, 259 
Atomic deposition, 241, 243, 244 
Atomic force, 10, 104 
Atomic funnel, 230, 239, 243, 247-249, 

251, 252, 254, 255 
Atomic grating, 240 
Atomic kinetic energy, 241, 252, 257 
Atomic lens, 240 
Atomic mirror, 220, 247 
Atomic motion, 217, 218, 222, 223, 258, 

262 
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At.omic quant.um dot. (AQD), 223, 254, 
258, 262 

At.omic quantum sheet. (AQS), 220, 
221, 235, 244, 246-248, 254 

- conical, 247 
- planar, 249 
- surface-plasmon, 221 
Atomic quantum state, 236, 249, 250 
Atomic quantum wire (AQW), 221, 

222, 224, 230, 231, 236, 239-241, 
243-248, 254, 262 

- far-field, 222 
- near-field, 222 
Atomic reflection, 248, 254 
Atomic velocity, 218, 220, 252 
- longitudinal, 242 
- transverse, 232, 243 
Atomic wave number, 258 
Atom laser, 246, 262 
Atom lithography, 240 
Atom manipulation, 217-219, 223, 235, 

236, 239, 240, 254, 261, 262 
- cold, 260 
- single-, 223 
Atom opt.ics, 218, 221 
Atom trap, 223, 254, 258, 259, 261, 262 
- one-dimensional, 258 
- three-dimensional, 254, 260 
Attenuated total reflection (ATR), 194 

Bardeen's picture, 12 
Beam spread angle, 166, 167 
Bessel function, 122, 123, 222, 225 
- modified, 222, 225 
Biexci ton, 174, 176 
Born approximation, 257 
Bose-Einstein condensation, 218, 246 
Buffered hydrofluoric acid, 15 
Buffered hydrogen fluoride solution, 32, 

34, 58, 62, 63, 65 

Capillary effect, 92 
Carrier diffusion effect, 170, 171 
Casimir-Polder force, 223, 236, 239 
Cavity potential, 236, 237, 239, 251, 

256 
Cavity quantum electrodynamic (QED) 

effect, 223, 230, 235, 236, 240, 251, 
256, 258, 260, 262 

Cell membrane, 140 
Centrifugal force, 223, 258 
Characteristic size, 19, 24 
Chemical polishing, 51, 54, 55 

Clebsch-Gordan coefficient, 249 
Cluster, 122 . 
Collection efficiency, 157, 172, 173,251, 

254 
Collection rate, 253, 254 
Cone a.ngle, 15, 16, 21, 23, 24, 32, 

34-38, 40, 42-47, 49-52, 54, 56, 57, 
59-62, 64, 67, 75, 77, 79-82, 85, 86, 
124, 267, 281-284 

Configurational resonant effect, 28 
Confinement, 196 
Cont.rast, 16, 17, 19, 21, 23, 25-27, 29 
Core 
- cylindrical, 73 
- double-tapered, 38, 42, 44, 53, 82 
- etched, 79 
- Ge02-doped, 75 
- gold coated, 73 
- metallized, 74 
- sharpened, 77 
- tapered, 15, 17, 71-75, 77, 79-83 
-- metallized, 15, 16,72,77,79 
- triple-tapered, 83, 85 
Coupled dipoles model, 17, 19,21 
Crit.ical angle, 220, 239, 273 
Cross-over frequency, 122 
Cross section, 232, 257, 258 
- differential, 2,57, 258 
- ionizat.ion, 23,5 
- resonant excitation, 23,5 
- total, 2,58 
Cryostat, 170, 172 
Cutoff diameter, 16, 73, 77, 81 
Cutoff frequency, 123, 227, 228 
Cutoff wavelength, ,59 
Cutoff wavevector, 1,54, 1,56, 167 

Dat.a transmission rate, 208, 209 
de Broglie wave, 260, 262 
Decay length, 1,5,5, 166, 218, 220, 221, 

251,2,5,5 
Deflection angle, 257, 258 
Depolarization effect, 277 
Deposition rate, 243, 244 
Detuning, 218-220, 223, 230, 231, 234, 

243, 249, 2,51, 2,56 
- blue, 219, 220, 234, 237, 238, 243, 

246, 248-2,51, 2,53, 259, 261 
- red, 219, 222, 235 
Diatomic molecule, 2,59 
Dielectric-metal boundary, 123 
Dielectric cylinder, 230, 236, 240 
Dielectric factor, 236, 237 



Dielectric plane, 221, 235 
Differential force, 108 
Diffraction limit, 1, 2, 9 
Diffusion, 154-157, 163, 170 
- coefficient, 157 
- length, 154, 162, 166, 169 
Dipole, 16, 17,21,24 
Dipole-dipole coupling, 17 
Dipole-dipole interaction, 26 
Dipole force, 217-220, 223, 230, 231, 

244, 249, 254, 255, 258, 262 
- attractive, 222, 223, 235, 258 
- repulsive, 223, 259 
Dipole interaction, 219, 235, 240, 244, 

249, 255, 261 
- quasi-static, 289 
Dipole moment, 219, 236 
Dipole transition, 217, 219, 221, 236, 

252 
Dispersion relation, 193 
Dissolution rate, 34-36, 38, 45, 58, 64, 

67 
Distributed Bragg reflector (DBR), 200 
Dithering, 106, 108, 110 
- amplitude, 108, 114 
DNA(deoxyribonucleic acid), 133, 

148-150 
Donor, 26, 27 
Doppler-free, 233, 234 
Doppler cooling, 218, 246 
Doppler effect, 240 
Doppler shift, 217, 218, 220, 231, 234, 

251 
Dressed state, 248-252 

Edge enhancement, 145 
Effective field, 3, 5-11, 271, 273, 

277-279, 285, 289 
- local, 7, 9 
- short-range, 7 
Effective mass, 288 
Electric dipole, 219 
- representation, 248 
Electroluminescence, 159 
Electromagnetic interaction, 4-7, 9, 11 
- local, 1, 9, 11 
- short-range, 7, 9, 13, 15 
Electron tunneling, 1 
Energy level, 233, 236, 259 
- fine, 219 
- hyperfine, 219, 249 
- quantized vibrational, 259 
Energy shift, 236 

Index 297 

Energy transfer, 26, 27 
Etching, 31, 34-36, 38, 40, 42, 49, 51, 

54,58-62,64,65,67,150,212 
- chemical, 3, 15, 'i5, 77, 83, 205 
- preferential, 33, 52 
- selective, 31-34, 36, 38, 40, 45, 50, 

56, 77, 122, 134, 144, 176 
- solution, 45, 46, 56 
- time, 34, 35, 38, 40, 42, 44, 46, 47, 

49,58,59,62,64,67 
Evanescent excitation, 155, 156 
Evanescent field, 3, 12, 272, 273, 277, 

279, 280, 285-287, 289 
Evanescent light, 12, 167 
Evanescent wave, 5-9, 12, 220 
Excited state, 174, 176, 178 
Exciton, 28, 172, 174, 176 
Exciton-polariton, 289, 290 

Far-field-propagating signal, 280-284 
Fatigue, 181, 183 
Fiber 
- dispersion-compensating, 37, 38, 50, 

51,56 
- dispersion-shifted, 37 
- double-cladding, 56, 62 
- double-core, 65, 67 
- excentric-core, 221 
- Ge02-doped, 32,36,37, 45,49, 62 
- hollow, 221-225, 227, 228, 230-246, 

248,262 
-- bent, 241, 244, 262 

micron-sized, 221, 224, 230, 231, 
246 
slantwise-polished, 230, 239 

-- tapered, 262 
- hydrophilic, 95 
- metallized, 54 
- multistep index, 33, 50, 56, 65 
- optical, 31, 32 
- pencil-shaped, 54 
- pulled, 32 
- pure silica cladding, 36 
- pure silica core, 35, 36, 62, 96 
- sharpened, 3, 15, 223, 254-260, 262 
- - multiple, 260 
- - nanometric, 223, 259 
- silica, 31, 34 
- single-mode, 32, 37, 74 
- tapered, 32, 35, 37, 51, 58, 62 
- - metallized, 32 
- triple-tapered, 65, 67 
Fibroblast, 133, 146, 147 
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Field propagator, 271, 273, 277, 279, 
288 

Fixation method, 89, 90, 92, 98 
- micropipette, 90, 92 
Flagellar filament, 124, 125, 133, 134, 

136 
Fluorescence, 93-97 
Fluorine-doped cladding, 35-37, 63 
Focused ion beam, 75 
Foot diameter, 15, 16, 23, 101, 102, 104 
Frank-Condon principle, 259 
Free running operation, 104 
Frequency dispersion, 219, 230, 235, 

244, 245 
Fresnel formula, 272 
Frictional force, 108 
Full width at half-maximum, 135, 136, 

140, 142, 145, 150 

Ge02-doped core, 34, 36, 37, 56, 57 
Glass ball lens, 214 
Gradient force, 219 
Gravitational potential, 259 
Ground state, 172, 174, 176 
Growth cone, 137, 138 
Guiding loss, 71, 77,86 

HF acid, 32, 34, 37, 38, 45-47, 49, 58, 
63,65 

Homogeneous, 12 
Hyperfine 
- excited state, 233 
- ground state, 233, 238, 242, 249, 261 
- level, 219, 249 
- splitting, 250 
- transition, 235 

Inhomogeneous, 12 
Inhomogeneously broadened, 153, 170, 

172 
Intermolecular force, 92 
Internal field, 5, 8, 10 
Ion-selective, 94, 95 
Ionophore, 95, 97 
Isosbestic point, 96, 97 
Isotope separation, 244, 245, 262 

Ket, 249 
Kirchhof's integral, 8 
Klein-Gordon equation, 289 
Kretshmann geometry, 195, 197 

Langmuir-Blodgett film, 207 
Laser cooling, 217, 218, 243, 248 

Light shift, 249 
Linear and causal system, 121 
Linear response theory, 275 
Local excitation, 153, 155, 157, 163 
Localization, 82, 87, 194, 196, 197 
- size-dependent, 8 
- strong, 194, 197 
- weak, 194, 197 
Local polarization spectroscopy, 285 
Lorentz-Lorenz effect, 277 
Lubricant oil film, 210 

Magneto-optical storage medium, 207 
Magneto-optical trap (MOT), 218, 221, 

239, 246-248, 252-254 
Massive virtual photon model, 288, 290 
Maxwell-Boltzmann distribution, 248, 

253 
Maxwell equation, 225, 228, 255, 270 
Meniscus-etching, 31, 32, 38, 45, 46 
Mesoscopic, 5, 11 
Micropipette, 90-92 
- fixation method, 90, 92 
- puller, 32, 62 
Microscope 
- atomic force, 15, 137, 149, 171, 180 
- confocal, 133, 140 
- differential interference contrast, 133 
- electron, 133 
- interaction-type, 1 
- interference-type, 1 
- inverted optical, 96 
- near-field optical, 1-3, 9, 15, 101, 

117, 133, 153 
- near-field plasmon, 24 
- scanning electron, 80, 140, 157, 176 
- scanning ion, 189 
- scanning probe, 7, 133, 145 
- scanning tunneling, 1, 15, 157· 
- transmission electron, 122, 135 
- ultra-high-resolution, 2 
Microscopy, 1, 2, 9, 13 
- atomic force, 2, 140 
- confocal, 142 
- electron, 133, 140 
- interaction-type, 1 
- - scanning probe, 3, 11 
- near-field optical, 2, 3, 31, 267, 277, 

288 
- near-field scanning optical, 3 
- photon scanning tunneling, 3 
- scanning electron, 133 
- scannin,g near-field optical, 3 



- scanning tunneling, 2, 204 
- scanning tunneling optical, 3 
- surface plasmon, 194 
Microtubule, 133, 136, 140-142; 144, 

145 
Mie scattering, 8 
Mode 
- constant-distance, 94, 102, 104, 107, 

108, 118, 126, 130, 136, 138, 143, 147, 
150, 267, 283, 284 

- constant-height, 19, 102, 104, 107, 
108, 118, 119, 124, 125, 134, 145, 146, 
267, 283, 284 

- constant-intensity, 283, 284 
- EHu , 73, 75, 77, 81, 222, 227, 228 
- evanescent, 154-156, 165 
- HEll, 73, 74, 224, 227, 228, 231 
- HE21 , 227, 228 
- HE3l , 227, 228 
- HE-plasmon, 74, 75, 77, 86 
- hybrid, 225 
- illumination-collection hybrid, 154, 

157, 163, 170 
- linearly polarized (LP), 224, 228, 

230-232 
- LPo1 , 222, 224, 228, 230-232, 236, 

237 
- LPu , 228, 230, 232 
- LP21 , 228, 230, 232 
- LP31 , 228 
- LPml , 228-231 
- normal, 288, 290 
- photon, 207, 209 
- plasmon, 72 
- propagating, 154-156, 165 
- TEol , 227,228 
- TE, TM, 226, 227 
- TMol , 227, 228 
Monte Carlo simulation, 248, 251, 252 
Multiple scattering, 120, 121 

Nano-photonic device, 193 
Natural abundance ratio, 233 
Naturallinewidth, 219, 231, 234, 251, 

252 
Near-field effect, 5 
Near-field optics, 1, 2, 13 
Neural process, 136, 138-143 
Neuron, 133, 136-140, 142 
NOM, 3, 7-12, 15-17, 19, 24, 25, 28, 

31, 33, 38, 51, 62, 101, 102, 105, 114, 
117, 118, 120-125, 133-136, 138-140, 
144,145,147,150,153-155,157,170, 
180, 186, 194, 197, 202, 288, 289 
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- collection-mode (c-mode), 23, 24, 31, 
37,51, 101, 102, 104, 105, 107, 117, 
124, 125, 134, 136, 137, 144, 150, 195, 
204 

- illumination-collection hybrid mode 
(i-c mode), 31 

- illumination-mode (i-mode), 31, 32, 
101, 102, 104, 105, 107, 111, 114, 122, 
137, 140, 142, 143, 146, 147, 204, 207 

- low-temperature, 170 
- probe tip, 10 
- resonance-type, 11 
Non-global theory, 11 
Nuclear spin momentum, 219 

Optical beam induced resistance change 
(OBIRCH), 186, 188, 189 

Optical confinement effect, 24 
Optical extinction theorem, 145 
Optical far field, 254 
Optically close system, 4, 5 
Optically far system, 4, 5 
Optically mesoscopic system, 13 
Optically near system, 3, 5, 13 
Optical molasses, 246 
Optical near-field intensity feedback, 

102, 126, 130, 136, 140, 142, 143, 150 
Optical near field, 1-3, 12, 13, 31, 51, 

72, 73, 82, 87, 89, 93, 101-104, 108, 
111,112,114,117-121,123-125,135, 
136, 140, 150, 155, 193-196, 199, 207, 
208,214,217-224,230,231,235,240, 
241, 243, 244, 246-251, 254~256, 261, 
262, 267, 290 

- blue-detuned, 223, 224, 230, 231, 236, 
237, 239, 241, 247, 249, 254, 256, 260, 
262 

- conical, 246 
- cylindrical, 221 
- planar, 220, 244 
- red-detuned, 223, 235, 245 
Optical potential, 223, 227, 230-232, 

236, 237, 249-252, 254, 256, 259, 260 
Optical pumping, 238, 240, 248 
Optical tunnel, 221 

p-n junction, 154-156, 158, 159, 161, 
163, 169 

Penetration depth, 6-8, 12, 155, 161, 
165, 166, 169, 186 

Phase-change, 207 
Phase sensitive detection, 104 
Photobleaching, 93, 97 
Photocurrent, 154 
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Photoionization, 221, 230, 231, 233-235, 
241, 243, 245 

- state-selective, 235, 243 
- two-step, 230-233, 235, 238, 239, 243, 

245 
Photolithography, 53 
Photoluminescence, 153 
Photon counting, 94, 96, 147, 161, 172, 

287 
Photon number, 248-250, 261 
Photon tunneling, 1 
Plasma-activated chemical vapor 

deposition, 65 
Plasma oscillation, 11 
Plasmon, 13, 193 
Plasmon resonance, 206 
Polarizability, 17, 19, 24, 25, 28, 271, 

277, 279 
Polarization, 4, 7, 10, 16, 26, 28, 75, 

77, 117, 121, 125, 126, 196, 200, 204, 
267, 282, 284, 286 

- circular, 285 
- linear, 282 
- p-, 126, 130, 278, 279, 281-284, 286, 

287 
- s-, 126, 130, 279-284, 287 
- spin, 286 
Poly(vinyl chloride) (PVC), 94 
Position-dependent Lamb shift, 236 
Potential barrier, 231, 237, 241, 251, 

256 
Power spectral density, 121, 122 
Preform glass rod, 59, 65 
Probe 
- antenna, 15 
- aperture-like, 40 
- apertured, 23, 83, 153, 186, 188 
- application-oriented, 33, 34, 56, 62 
- capillary-type, 90 
- chemically etched, 90, 97 
- chemical sensing, 28, 29, 94-96, 98 
- dithering, 38 
- double-tapered, 33, 42, 44, 56, 80-82, 

159, 184 
- dye-fixed, 93, 94 
- edged, 74, 75, 77, 85, 86 
- energy-transfer, 93, 98 
- fiber, 15-17, 21, 31, 71, 75, 80, 86, 

89-91, 159, 170, 171, 180, 186 
- flat-apertured, 71 
- flattened top, 91 
- fluorescent, 21 
- functional, 25-27, 89-91, 93, 98 

- generator-type, 31, 32, 42 
- heat-pulled, 90, 91, 97 
- high-resolution, 37 
- high-throughput, 37, 57, 71, 184 
- high resolution high throughput, 56 
- light-emitting, 93 
- metal,24 
- metal-coated, 24, 89, 90, 134 
- metallized, 32, 33, 51, 56, 61,186-188 
- nanometric, 31 
- pencil-shaped, 38, 45-47, 50, 54, 56, 

59-61 
- plasmon, 24, 28 
- protruded, 71, 75, 136, 153 
- protrusion-type, 33, 51, 52, 55, 56 
- - pencil-shaped, 51 
- - shoulder-shape, 51 
- scat.terer-type, 31, 37, 51 
- sharpened, 186 
- shoulder-shaped, 37, 38, 40, 42, 45, 

50, 52, 53 
- silicon, 24 
- single-tapered, 57, 176 
- tapered, 21, 23, 32, 38, 40, 42, 64 
- tip, 1-3, 7-13, 90-92, 98 

NOM,lO 
- - scanning, 1, 2 
- - subwavelength-size, 2 
- triple-tapered, 33, 56, 57, 59, 60, 62, 

67, 72, 82, 85-87 , 184 
- - metallized, 85 
- - protruded, 83 
- ultraviolet, 33 
- UV single-tapered, 62 
- UV triple-t.apered, 65 
Proximity, 154, 155, 159, 171, 173, 187, 

188, 203 
Pseudo-momentum, 6 
Pulling, 31, 32, 62, 63 
Pure silica, 35, 36, 58, 65, 67 
- cladding, 34, 36, 37, 57 
- core, 33, 35-37, 56, 62, 64, 65 
- glass, 58 

Quantum dot, 153, 169 
Quantum efficiency, 172, 180, 181 
Quantum tweezer, 262 
Quantum well, 153, 178 
Quantum wire, 153, 178 
Quasi particle, 12 
Quasi static, 5, 12 

Rabi frequency, 219, 221, 249 



Radiation pressure, 217, 218, 223, 258 
Raman spectroscopy, 183, 184 
Random distribution effect, 122 
Raster scanning, 104, 107, 108, 112 
Rayleigh particle, 16 
Recoil momentum, 254 
Recombination, 157, 170, 172, 174, 176 
Relative refractive index difference, 

35-37, 57, 59, 65, 227 
Resolution, 17, 19, 24, 26, 29 
- lateral, 117, 120-124 
- longitudinal, 117, 120, 126 
- spatial, 16, 17, 19, 24, 27 
Resonance, 23, 24, 26-28, 184 
Resonance frequency, 38, 108 
Resonant frequency, 217, 219, 230, 245 
Retardation effect, 274 

Salmonella, 124, 125, 133 
Sample-probe, 285 
- configuration, 288 
- distance, 8 
- interaction, 1, 267, 290 
- scattering, 8 
- separation, 10, 38, 94, 102, 104, 107, 

108, 110-112, 114, 117, 118, 120, 
122-125, 130, 135, 136, 138, 139, 142, 
145, 155, 187, 188, 287 

- system, 8, 11, 271, 284, 285, 287, 289 
Scalar potential, 255, 256 
Scaling coefficient, 236, 238 
Scanning control, 102, 104 
Scanning frequency, 135 
Selective epitaxial growth, 176 
Selective fixation, 90 
Selective resin coating, 51, 52, 79, 117, 

134, 144 
Sensitivity, 16, 17, 24 
Shear force, 10, 75, 87, 94, 104, 105, 

110, 111, 114, 140, 170 
- feedback, 94, 102, 114, 122, 138-140, 

142, 144, 145, 147, 159, 187, 195, 197, 
203 

- topographic image, 94, 107, 108, 112, 
117, 126, 139, 140, 145, 147, 159, 180, 
187, 188 

Short.-range, 12 
- interaction, 6 
Signal conversion, 25, 26 
Silicon on insulat.or, 212 
Single particle effect, 122 
Sisyphus cooling, 248-250, 255 
Size-resonance behavior, 9 
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Size parameter, 5 
Slant angle, 166-168 
Spatial-frequency filter, 9, 10 
Spatial Fourier frequency, 10, 12, 82, 

121, 203, 211 
- highest -3 dB cutoff, 121 
Spatial frequency, 9, 10, 12, 23, 31, 51, 

122, 124, 135, 136 
Spherical symmetric potential, 257 
Spin/angular momentum, 267, 285 
Spontaneous emission, 218, 222, 223, 

230, 240, 243, 249, 250, 259 
Spontaneous force, 217 
Spontaneous transition, 238, 252, 261 
SR head, 208, 211 
State-selective, 234, 235, 243-245 
Substrate effect, 203 
Super-tip, 11 
Surface-enhanced Raman scattering, 

200 
Surface ionization, 231, 239, 241, 242 
Surface plasmon, 11, 73, 74, 193, 194, 

199, 221 
Surface tension, 136, 142 
Surface topography, 153 
Susceptibility, 271, 275, 277, 286 
- diamagnetic, 276 
- paramagnetic, 277 
System function, 120, 121, 123 

Thermal-mode, 207 
Threshold, 238 
Throughput, 31-33, 37, 42, 56, 57, 60, 

61 
Tomographic, 165 
Total internal reflection, 6, 7, 101, 111, 

194 
- frustrated, 7 
Track-less, 210, 212, 213 
Translational symmetry, 6 
Tubulin, 136, 137, 139, 140, 142, 144 
Tunneling, 12 
Tunneling current, 12 
Tunneling effect, 204 
Tunneling photon, 12 
Two-dimensional planar probe array, 

209, 212 

Ultrasmooth sapphire surface, 107, 112, 
117, 118, 124, 126, 130, 148, 149 

Ultraviolet, 178 
UV spectroscopy, 180, 184 

Vacuum evaporation, 31, 33, 54, 67 
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van der Waals force, 108, 223, 235, 236, 
239, 252, 256-260 

van der Waals interaction, 4 
van der Waals potential, 252, 253, 256, 

259, 260 
Vapor-phase axial deposition, 34, 59, 65 
Virtual particle, 288, 290 
Virtual photon, 5, 290 
Viscous drag, 136 

Waveguide, 16 
Wave number, 5, 6 
- complex, 5, 6, 13 
Wave vector, 6 
Weakly guiding approximation (WGA), 

224, 227, 228, 231 
Weak scattering effect, 184 

Yukawa-type field intensity, 254, 255 
Yukawa-type scalar potential, 255 
Yukawa-type screened potential, 12 
Yukawa function, 289, 290 

Zeeman sublevel, 246 
Zero-point energy, 262 


