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Preface

Atom Technology is essential for the construction and study of dangling bond
logic circuits, single molecule logic gates and for single molecule mechanical
machineries. One of the first instruments urgently required for experimental work
at the atomic scale is a machine with an atomic scale precision offering the
possibility to exchange information and energy with single and well-identified
molecule machineries. These nano-communication-like machines must also offer
dedicated navigation abilities for the interconnection probes to be positioned on
the device with atomic scale precision. As a result of this need for such instruments
in many laboratories around the world, the Integrated European Project AtMol
decided to organize its first biannual workshop on the topic of “Atomic Scale
Interconnection Machines”. Fully supported by the ICT-FET of INFSO at the
European level, AtMol was launched on 1 January 2011, for 4 years, with the
objective to construct the first ever complete molecular chip. This Atomic Scale
Interconnection Machines workshop event took place at IMRE in June 2011,
where IMRE-A*STAR is the AtMol partner based in Singapore.

This first volume of the new Springer Series “Advances in Atom and Single
Molecule Machines” compiles all the contributions presented during this
workshop. The workshop was the first to involve a large number of laboratories
from all around the world working on the construction, the development or usage
of atomic scale interconnection machines. All the possible categories of these very
often large, ultra high vacuum (UHV) instruments were presented by different
communities, from academics to high-tech companies who develop the new
hardware, or control the software of these machines. Examples include, multiple
LT-UHV STM systems, multiple LT-NC-AFM systems, optical navigation, SEM
navigation and even the first machines demonstrating single atom and molecular
manipulation capability together with the nano-communication setup.

The organizing committee of the first workshop of the AtMol series is happy to
thank the ICT-FET division of European Commission and A*STAR of Singapore
for the financial support to organize this first workshop. We are expecting to
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launch a quite unique series of events to boost Atom Technologies from a practical
point of view. The upcoming workshops in the AtMol series will be announced on
the www.atmol.eu official web site. The organizing committee also wishes to
thank all the participants in Singapore for a very dynamic workshop.

For the organizing committee
C. Joachim
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High Precision Local Electrical Probing:
Potential and Limitations for the Analysis
of Nanocontacts and Nanointerconnects

B. Guenther, M. Maier, J. Koeble, A. Bettac, F. Matthes,
C. M. Schneider and A. Feltz

Abstract The variety of approaches for individual nanoscale devices is tremen-
dous. In contrast however, comprehensive concepts toward electrically integrated
and therefore functional devices are rare. The individual metallic contact interface
represents one of the main challenges and high precision local electrical probing
has the potential to increase efficiency in evaluating different approaches. To meet
the involved requirements, we have established and being advancing an approach
for nano-scale electrical probing at low temperatures by integrating scanned probe
microscopic (SPM) technology with high resolution electron microscopy.

1 Introduction

A major challenge in the development of novel devices in nano- and molecular
electronics is their interconnection with larger scale electrical circuits required to
control and characterize their functional properties. Local electrical probing by
multiple probes with ultimate scanning tunneling microscope (STM) precision can
significantly improve efficiency in analyzing individual nano-electronic devices
without the need of a full electrical integration.

Among a very few commercial approaches, the Omicron UHV NANOPROBE
has been established as a suitable instrument for local electrical probing on

B. Guenther - M. Maier (X)) - J. Koeble - A. Bettac - A. Feltz
Omicron NanoTechnology GmbH, Limburger Strasse 75, 65323 Taunusstein, Germany
e-mail: m.maier@omicron.de
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Fig. 1 Schematic showing
the LT NANOPROBE
concept. LHe/LN2 bath
cryostats at the bottom, SEM
column at the top

B. Guenther et al.

nano-structures down to structure sizes in the 10-100 nm range [1-9]. The major
technical requirements of such sophisticated instrumentation are:

Rapid and simultaneous scanning electron microscopy (SEM) navigation of four
local STM probes on small structures

e Localization of nanostructures by high resolution SEM (UHV Gemini)
e Individual probe fine positioning by atomic scale STM imaging
e STM-based probe approach for “soft-landing” of sharp and fragile probes and

controlled electrical contact for transport measurements

e Preparation techniques toward sharp and clean STM tips
e Temperature variation from 50 to 500 K
e Suitable low noise signal re-routing for transport measurements with third party

electronics

Although the UHV NANOPROBE has been successfully used for various

applications, today’s scientific requirements motivated the development of the
next generation probing system. As a sophisticated instrument the LT NANOP-
ROBE has been specifically designed for local and non-destructive 4-point probe
measurements at low temperatures. It opens up new research opportunities in
nano-electronics, spintronics and molecular electronics. Besides STM probe fine
navigation and imaging, the excellent STM performance level of the LT
NANOPROBE expands applications to tunneling spectroscopy and even the cre-
ation or modification of nano-structures by an ultimately precise STM probe.

The R&D project is driven by the following major milestones:

e Operation at temperatures of T < 5 K for STM imaging and STM-based probing
e SEM navigation at base temperature of T < 5 K
e Thermal equilibrium of sample and probes for (i) extremely low thermal drift

and electrode positioning accuracy in time and (ii) defined temperature of the
local electrical contact

Performance and stability level of each individual STM Probe suitable for STM
spectroscopy and atom manipulation (Fig. 1).
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Fig. 2 Sequence of SEM
images taken at T < 5 K.
Inserts. Coarse positioning of
the four STM probes under
SEM navigation. Main
image. High resolution SEM
imaging on Au islands on
carbon with a typical island
size of smaller than 100 nm

2 SEM Imaging and Tip Navigation

For the navigation of four independent STM probes, simultaneous SEM imaging is
indispensable to bridge dimensions from the mm-down to the nm-scale. The SEM
enables a large field of view for probe coarse positioning as well as fine positioning
and rapid localization of small structures with its high resolution capabilities. As a
suitable tool for that purpose, the UHV Gemini column offers unsurpassed reso-
lution under true UHV conditions (Fig. 2).

In combination with the Low Temperature UHV NANOPROBE, the in-lens
Secondary Electron Detector (SED) represents a key advantage. Only one small
access port in the thermal shield compartment of the microscope stage
(at T <5 K) is needed, thus minimizing thermal impact, while still offering a
suitable signal for high resolution imaging.

3 Microscope Stage Design

Cooling the whole microscope to LHe temperatures requires the stage to be
extremely compact with only 100 x 100 mm in size—a real challenge if 4 STM
need to be fully functional, independent and highly stable.

An efficient thermal shield compartment allows for temperatures well below
5 K, extremely low thermal drift and thermal equilibrium of sample and probes.
In addition, the integration of high resolution SEM navigation requires a small
SEM working distance and thus makes a dedicated STM concept indispensable.
A sophisticated shared stack scanner allows for a very compact and flat design,
while ensuring highly linear, orthogonal and stable STM scanning characteristics.

For ultimate STM performance the microscope stage employs an effective eddy
current damped spring suspension. The system provides a locking mechanism to
lock the spring suspension for optimal SEM working conditions (Fig. 3).
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Fig. 3 Image of the LT
NANOPROBE stage

4 Independent SPM’s

The microscope stage carries four individual SPM modules with independent and
guided 3D coarse positioning of XYZ =5 x 5 x 3 mm. The sample can be
independently positioned by XY = 4 x 4 mm. Omicron’s patented piezo-electric
inertia drives provide highly reliable and efficient navigation with step sizes from a
few tens of nm’s up to several hundred nm. Fine positioning and STM imaging
with atomic resolution is achieved by shared stack scanners with XY = 1 x 1 pm
scan (fine positioning) range at LHe temperatures (Fig. 4).

The sample reception stage is compatible with Omicron’s standard flat sample
plates with a maximum sample size of 10 x 10 mm. A fast and secure tip and
sample exchange is crucial for ease of use and high throughput. Individual probe
modules are moved to a tip exchange position and spring loaded tip carriers can
easily be exchanged by wobble-stick. Twenty-eight samples or tips are accessible
from the stage-integrated storage carousel.

5 Cryostat Design: Cooling Down to T < 5 K

The use of a high resolution SEM column for tip navigation from above implies an
unconventional cryostat concept. A specifically designed bath cryostat with LN2
and LHe reservoirs allows for a measurement time of >36 h at T < 5 K and cools
the microscope stage from below. A LN2 and LHe double shielding minimizes
thermal impact on the stage and employs doors for tip/sample exchange, operated
by wobble-sticks. In addition, the sample stage facilitates a controlled thermal
coupling for a defined sample temperature and quick sample cool down (Fig. 5).
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Fig. 4 Schematic showing
the four dedicated shared
stack scanners

Fig. 5 Schematic showing UHV Gemini column
the cryostat and shielding set-
up. Blue: LHe reservoir, gray:
LN2 reservoir

LN, cooling

6 Electrical Transport Measurements

During STM approach the distance control is based on tunneling current feed-
back and therefore requires a dedicated low noise I/V converter. When the
tunneling contact is established, the probe-sample distance is well controlled in
the nm range. To establish an electrical contact and to control its resistance, the
STM feedback is de-activated and the probe is manually approached by piezo
scanner z-offset. However, a permanently connected I/V converter in the signal
line prevents transport measurements in four point configuration. Thus, a pA
STM compatible and TTL trigger controlled switching technology is used to
route signals of the four probes to external BNC connectors. Based on Lab-
VIEW, experimental workflows are integrated with third party measurement
electronics (Fig. 6).
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Fig. 6 The schematic is
showing the function
principle of signal re-routing
from the probe tip either to
the I/V converter for STM
feedback or to a BNC
connector

Fig. 7 STM on Au(111) at a
temperature below 5 K.
UGAP =310 mV, IT =3 l'lA,
TSAMPLE = 4.5 K. The
Herringbone structure is
clearly visible

7 STM

STM is the key to advancing probing technology into the nanometer scale. It
ensures extremely accurate probe positioning and STM-based safe tip approach of
fragile probe tips having diameters in the range of a few ten’s of nanometers or
less. STM imaging is required for final precise positioning of the probe tip when it
shadows nm-sized structures in the SEM field of view or if the structures are even
smaller than accessible by SEM.

All four probe modules of the LT NANOPROBE achieve state of-the-art STM
performance on metals with pm stability and thus open up the route for new
experiments beyond local electrical probing (Figs. 7 and 8).
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Fig. 8 Line profile of the

STM image. The typical 20 ~ J’»” \
corrugation is approx. 6 pm, 15 ‘J-" iy A
the z-stability is in the range i f b“ Ii,, li\
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Fig. 9 Scanning Tunneling 71~ 1t 11T T
Spectroscopy (STS) I
measurement at temperatures
below 5 K, using a Nb-tip on
a Au(111) sample.

UGAP = 80 mV,

ISET =40 HA,

fMOD = 540 HZ,

Umop = 140 pv

dlidU [a.u]

| BCS data for Nb Og( ]
L 2Ag=2.53 meV
L 2A4=3.1 meV .

Te=9.3K

Ugap [mV]

To further evaluate the STM/STS performance, tunneling spectroscopy mea-
surements have been performed. As a very simple but reliable experiment,
superconducting Niobium has been used as tunneling tip on a Au(111) sample.
Modulation spectroscopy measurements at a temperature below 5 K reveal the
superconducting gap with size of approx. 3 meV. Deviations of the gap shape and
size from BCS can be attributed to a non-clean Nb-tip and related parallel tun-
neling processes (e.g. ohmic shunt). Nevertheless the measurements represent a
physical proof of (i) the tunneling tip being superconducting and (ii) at a tem-
perature significantly below T¢ (Fig. 9).
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8 Summary

The Low Temperature NANOPROBE defines a new class of analytical instru-
mentation that merges SEM navigated nanoprobing at LHe temperatures with high
performance STM imaging, spectroscopy and manipulation. It thus may represent
a “next generation SPM” for creating functional devices by SPM technologies and
investigate electrical properties in one experiment. The shown measurements in
SEM, STM and scanning tunneling spectroscopy (STS) at low temperatures rep-
resent a first performance proof for its suitability for advanced STM modes such as
STS, Inelastic electron tunneling spectroscopy (IETS), SP-STM (Spin-polarized
STM) and atom manipulation.
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Ultra-Compact Multitip Scanning Probe
Microscope with an Outer Diameter
of 50 mm

Vasily Cherepanov, Evgeny Zubkov, Hubertus Junker, Stefan Korte,
Marcus Blab, Peter Coenen and Bert Voigtlinder

Abstract We present a multitip scanning tunneling microscope (STM) where four
independent STM units are integrated on a diameter of 50 mm. The coarse posi-
tioning of the tips is done under the control of an optical microscope or an SEM in
vacuum. The heart of this STM is a new type of piezoelectric coarse approach
called Koala Drive which can have a diameter greater than 2.5 mm and a length
smaller than 10 mm. Alternating movements of springs move a central tube
which holds the STM tip or AFM sensor. This new operating principle provides a
smooth travel sequence and avoids shaking which is intrinsically present for
nanopositioners based on inertial motion with saw tooth driving signals. Inserting
the Koala Drive in a piezo tube for xyz-scanning integrates a complete STM inside
a 4 mm outer diameter piezo tube of <10 mm length. The use of the Koala Drive
makes the scanning probe microscopy design ultra-compact and accordingly leads
to a high mechanical stability. The drive is UHV, low temperature, and magnetic
field compatible. The compactness of the Koala Drive allows building a four-tip
STM as small as a single-tip STM with a drift of <0.2 nm/min and lowest
resonance frequencies of 2.5 (xy) and 5.5 kHz (7). We present examples of the
performance of the multitip STM designed using the Koala Drive.

1 Introduction

The controlled fabrication of self-organized nanostructures with dimensions in
the single digit nanometer range is becoming possible [1]. However, the mea-
surement of charge transport through such nanostructures is still a challenge.

V. Cherepanov - E. Zubkov - H. Junker - S. Korte -

M. Blab - P. Coenen - B. Voigtlinder (X))
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One problem is to provide electrical contacts to individual nanostructures. One
approach is to establish such contacts by a multitip STM in order to enable
charge transport and scanning potentiometry measurements at self-assembled
nanostructures. Key requirements for multitip scanning probe instruments are
that (a) all tips are independently positionable from the millimeter range down to
the nanometer or atomic scale; (b) optical microscopy imaging or better scanning
electron microscopy (SEM) imaging is necessary in order to navigate the tips
close to each other without tip—tip crashes and in order to find specific structures
on the surface in case of lithographically structured samples; (c) the final electric
measurements (e.g. four point measurements) should be performed at one spe-
cific position on the nanometer/atomic scale and destruction free, i.e. without
indenting the tip in an uncontrolled way into the surface or a nanostrucure. In
order to meet the last requirement an instrument with currently unsurpassed
stability has to be constructed. The construction of single tip instruments has
shown over the last decades that the smaller an instrument is, the less drift
results and the lower is the vibrational noise. This was the starting point for us to
develop an ultra-compact multitip scanning probe instrument with a drift of
<0.2 nm/min at room temperature.

A limit for the size of a scanning probe microscope is the size of the scanner
tube, since tube scanners are used in virtually every modern scanning probe
instrument. On top of the size of the scanner there comes the size of the tip-sample
coarse approach. This is usually the largest part of a scanning probe microscopy
instrument. We developed an ultra-compact Koala Drive which can be used for the
tip-approach. It is so small that it can be even integrated inside the tube scanner,
leading to an ultimate minimum size scanning probe instrument only limited by
the size of the scanner tube. Apart from its small size the Koala Drive has several
other advantages like a smooth travel, different from the saw tooth signal driven
inertial nanopositioners [2—5] which utilizes large accelerations and correspond-
ingly induces vibrations and undesirable power dissipations in the system.
Moreover, the Koala Drive is low temperature, magnetic field and ultrahigh
vacuum compatible.

In the current context the Koala Drive will be the heart of our multitip
scanning probe microscope and allows to construct it with the ultra-compact
size of 50 mm outer diameter. Apart from the low drift and low vibrational
noise, the small size facilitates the use of such an instrument in environments
where the space is limited, such as inside a cryostat or inside an electron
microscope.

We will first introduce the working principle of the Koala Drive and demon-
strate its operation characteristics. Then we demonstrate how the Koala Drive can
be used to construct ultra-compact scanning probe instruments, specifically
multitip instruments. We will present the specifications and some initial applica-
tions of our ultra-compact multitip scanning probe microscope.
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2 The Koala Drive

The Koala Drive consists of two tube piezo elements mounted in series (one after
another) as shown in Fig. la. At the ends and between the two tube piezos three
springs are mounted, which can be moved by an extension or compression of the
tube piezos along their axes. A central tube is held by these three springs.
The working principle of the Koala Drive relies on concerted consecutive motions
in which the frictional surfaces between a spring and the tube are alternating
between static friction and sliding friction. Whenever only one spring moves, the
other two will hold the tube (by static friction) and only at the single moving
spring the frictional engagement will be lifted and sliding friction will occur.

One cycle of motion is shown in Fig. 1a. In step 1 of the cycle the upper piezo
element contracts and the upper spring goes into sliding friction. The central tube
is held stationary by the lower two springs which stay in static friction with
the tube. Subsequently, in step 2 the middle spring is moving downwards while the
upper and the lower spring stay at their positions. For the upper spring this is
realized by a simultaneous contraction of the lower piezo element and a corre-
sponding expansion of the upper one, leaving the upper spring unmoved. Also here
a single spring (middle one) is moving, while the other two holds the tube fixed.
Finally, in step 3 the lower piezo extends and moves the two upper springs up
simultaneously. In this case the lower spring goes into sliding friction and the
upper two springs move the tube up (static friction). Simplified, the working
principle follows the rule: “Two are stronger than one”. If two springs move
simultaneously, the central tube moves with them. If only one spring moves, the
tube is held stationary by the other two. In Fig. 1b a photo of a Koala Drive is
shown. The ultra-compact Koala Drive can have a diameter <2.5 mm and length
smaller than 10 mm.

In Fig. 2 the principle of a voltage pattern at the piezo tubes (piezo 1 and piezo 2)
and the resulting motion of the tube during one cycle are shown as function of time.
One single cycle can induce a motion in the range between several pm and 100 nm
which is ideally suited for coarse approach in scanning probe microscopy. A long
stroke, only limited by the length of the tube, and speeds up to ~1 mm/s are
possible.

Most other nanopositioners used for tip-sample approach in scanning probe
microscopy use the inertial motion with sawtooth like signals inducing large
accelerations causing vibrations in the system. The operation mode of the Koala
Drive is quasi static (one cycle can even last several seconds) avoiding large
accelerations which lead to a continuous motion without shaking. Avoiding steep
slope signals means also less demands for the power supply (no high slew rate
needed) and for the cabling (no high currents flow).

Movies of the motion of the Koala Drive measured using an SEM during one
cycle of motion are available in the web under www.fz-juelich.de/pgi/pgi-3/koala.
These real time movies show the motion of a STM tip attached to the central tube.
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Fig. 1 a Principle of the design of the Koala Drive. a Working principle of the Koala Drive:
concerted interplay between static friction and sliding friction. If only one spring moves, the tube
is held stationary by the other two. The motion of the springs during the different steps of a cycle
is indicated by arrows. If two springs move simultaneously, the central tube moves together with
them. b Photo of the Koala Drive
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The performance of the Koala Drive can also be seen in graphs showing the
motion of the tube induced by a single cycle (step) as function of the amplitude of
the excitation voltage shown in Fig. 3. Starting from low amplitudes, there is a
threshold voltage above which the motion of the Koala Drive starts. For lower
voltages the extension of the piezo tubes results in a buildup of stress in the
system, but only beyond the threshold voltage a transition to sliding friction
occurs. For amplitudes larger than this threshold voltage the single step dis-
placement increases linearly with the signal voltage. Due to the smaller piezo
constant at low temperatures, the threshold and the slope of the curves decrease for
operation at low temperatures. This shows that the Koala Drive works at cryogenic
temperatures (down to liquid helium temperatures) and moreover it is also ultra-
high vacuum compatible and works in magnetic fields.

Depending on the particular application the design of the Koala Drive can be
modified. If, for instance, the length of the drive should be small, the two tubes can
alternatively be coaxially placed into each other instead of one after the other as
can be seen in Fig. 4.
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3 The Koala Drive STM

In the next step the Koala Drive can be used to build an ultra-compact STM. The
Koala Drive is used for the tip-sample coarse approach and is integrated into a
segmented (scanning) tube piezo element used for the xyz-scanning fine motion as
shown in Fig. 5a. The STM is completed by attaching a tip (plus tip holder) to the
central tube and an outer frame, which holds the sample Fig. 5a. Since the coarse
approach mechanism is integrated into the piezoelectric tube scanner, no extra
space for the coarse approach is required. Thus this design leads to a minimal size
STM. In this way a complete STM scanner can be integrated inside a 4 mm outer
diameter piezo tube of <10 mm length. The use of the Koala Drive makes the
scanning probe microscopy design ultra-compact and leads accordingly to a high
mechanical stability. An STM image of the Si(111)-(7 x 7) surface taken with a
Koala Drive STM is shown in Fig. 5b.
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Fig. 4 Another variant of the
Koala Drive design where the
two piezoelectric tubes are
coaxially stacked into each
other

4 The Koala Drive Multitip STM

The advantage of the Koala Drive is utilized fully in the design of an ultra-compact
four-tip STM using the Koala Drive. The modular design consists of four identical
units. Each unit consists of a Koala Drive used for the coarse tip-approach toward
the sample. The tip is mounted under 45° relative to the vertical direction in order
to allow for the positioning of the tip apex to the same region as the ends of the
other tips. The Koala Drive is fixed to a plate which is moved according to the
design of the beetle STM [4].

Four of these units can be integrated inside a housing of 50 mm outer diameter.
A photo of this ultra-compact four-tip STM is shown in Fig. 6a. The whole
instrument is built ultrahigh vacuum compatible. With the sample holder placed on
top, the housing is closed completely leading to a good shielding from outer
electric disturbances. The sample holder can be moved in xy directions over
several mm in coarse motion by shear piezo elements on top of the housing. The
coarse motion of the four tips and the sample can be observed by an optical
microscope from below, or in future by a scanning electron microscope. The view
onto the four tips brought within couple of pum together on a lithographically
structured test sample is shown in Fig. 6b. The working distance of the optical
microscope is 50 mm. Videos showing tip positioning and sample positioning
under the control of the optical microscope can be found in the web under
www.fz-juelich.de/pgi/pgi-3/koala.

STM images of a Pt(111) single crystal were taken under ambient conditions
with all four tips [6]. An example which shows one atomic layer high steps is
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Fig. 5 a Design of a single tip STM using the Koala Drive leading to a minimal size STM.
b Atomically resolved STM image of the (7 x 7) structure on a Si(111) sample (lateral scan size
30 x 30 nm)

shown in Fig. 7. The drift of the system was measured by taking continuously
many scans over a time of several hours and identifying same features (defects) in
those images. The xy-drift was measured in this way to <0.2 nm/min and the
z-drift to <0.1 nm/min under ambient conditions at room temperature in an
ordinary lab which was not specifically temperature stabilized.

The specifications of the ultra-compact four-tip STM are summarized in the
following:

e Coarse tip xy-positioning: type: inertial slider, range: =2 mm (each unit).
e Coarse tip z-positioning: type: Koala Drive range: &5 mm (each unit).

e Coarse sample xy-positioning: type: inertial slider, range: +2 mm.

e Scanning: xy-range: 10 um (each unit at RT), z-range: 1 pm (each unit at RT).
e Measured lowest resonance frequencies: xy: 2.5, z: 5.5 kHz.

A multitip STM has the disadvantage that only conducting samples can be
studied. However, many interesting samples important in nanoelectronics consist
of conducting structures on insulating substrates. In order to perform electrical
measurements on insulating substrates (e.g. SiO,) a multitip scanning force
microscope (AFM) is required. In the future we would like to extend our multitip
STM to a multitip AFM (atomic force microscope). However, AFM detection
method most widely used (the beam deflection detection) is not suitable for this,
since four optical systems would have to be adjusted and interference between the
four laser beams is likely to occur. For this reason a completely electrical
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Fig. 6 a Photo of an ultra-compact four-tip STM with an outer diameter of 50 mm. b Optical
microscope image of the four tips of the ultra-compact four-tip STM brought within a couple of
pum together. The optical microscope views to the tips and sample from below

excitation and detection is desirable. This can be achieved by quartz crystal sen-
sors like the tuning fork sensor [7] or the needle sensor. We have chosen the needle
sensor, because of its small footprint which is advantageous in the context of
multitip instruments. We have performed tests which showed that the needle
sensor can be used to upgrade an STM in an easy way to an AFM [8, 9].

5 Measurements Performed with a Multitip STM

In the following we report on some measurements performed with one of our
multitip STM instruments. These results were obtained with the multitip STM
shown in Fig. 8a. These results demonstrate a proof of principle for electrical
measurements with a four-tip STM.

Making electrical measurements with a four-tip STM is more than to have four
tips and to be able to scan with them. Concerted measurements of currents and
voltages with all four tips have to be performed on a real time basis. A typical
measurement is performed as follows. Initially all four tips are scanning in STM
mode and positioned to the desired positions at which the electrical measurement
will be performed. Then the feedback (e.g. for all four tips) is disabled and the tips
are approached toward the sample by a desired distance (or remain in the original
position). Subsequently, different I/V ramps are applied between different tips
(and/or the sample). In the simplest case a current is injected between the two
outer tips and a potential difference is measured between the inner tips (classical
four probe measurement). However, also various kinds of other measurements can
be performed, for instance I/V measurements of every tip to the sample in order to
measure the resistance of the contact which has been established by approaching
the tip. We usually perform such kind of calibration measurements before and
after the actual measurement in order to test the stability of the contacts formed.
These different I/V ramps can last altogether 10-20 s and we observe a change in
the measured currents of <10% for the same measurements performed at the
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Fig. 7 STM image of atomically high steps on a Pt(111) crystal under ambient conditions
(lateral scan size 500 x 500 nm). Corresponding images were acquired with all four tips

Fig. 8 a Photo of our multitip STM with which the results presented in the following were
obtained. b SEM image of Y-silicide nanowires grown on Si(110). Due to the crystal symmetry
of the Si(110) substrate the silicide nanowires are aligned in the vertical direction. The four STM
tips are positioned in a line in order to contact one nanowire

beginning or the end of this time frame. The stability of the electric tip-sample
contacts established over a measurement period is important in order to obtain
reliable results. If all desired voltage ramps are finished the tips are moved back to
the original tunneling tip-sample distance and the feedback is resumed.

In order to perform such concerted measurements the control electronics of all
for tips have to communicate to each other.

5.1 Four Point Measurements at an Yttrium Silicide Nanowire

As a first example we show a four-tip measurement at an yttrium silicide nanowire.
The yttrium silicide nanowires were grown by depositing 0.6 nm yttrium at
1070 K sample temperature. Due to the crystal structure of the Si(110) substrate
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the silicide nanowires are aligned along one direction which is vertically in the
SEM image shown in Fig. 8b. The silicide nanowires have a height of 5-30 nm, a
width between 30 and 50 nm and length of several um. The four tips of the STM
are positioned in a line in order to contact one nanowire as shown in Fig. 8b.

Unlike in a conventional four probe measurement where the two outer probes
inject the current and the two inner probes act as voltage probes, here we used only
current probes. The principle of the measurement setup is shown in Fig. 9a and
consists of four current probes which are biased to a certain potential. Technically
they are built by biased STM preamplifiers. The difference between the bias
potentials of the outer probes drives a current through the nanowire which is
measured by the two (outer) current probes. Before we come to the measurement
of the potential by the two inner probes, we consider a possible leakage of the
injected current to the substrate.

In principle the current injected by one of the outer probes can run not only
through the nanowire as desired, but can also leak to the substrate. In this context it
is important to keep in mind that the interface between silicide nanowire to the
silicon substrate forms a Schottky barrier. If this Schottky barrier is reverse biased,
no current will flow to the substrate. We confirmed this by measuring the current to
the substrate by a fifth current preamplifier Fig. 9a. If the Schottky barrier was
reverse biased, only a negligible current was detected proving that the current runs
almost only through the silicide nanowire.

After establishing a current through the nanowire by the outer probes (probes 1
and 3 in Fig. 8b), the potential of the inner probes was determined by recording
successively I/V curves of tip 2 and tip 4. The potential at which no current flows
corresponds to the potential at the position of tip 2 and tip 4, respectively.
Technically tip 2 and tip 4 are contacted one after the other to the nanowire, and
the bias voltage of each tip (2 and 4) was ramped and the current flowing through
the corresponding preamplifier was recorded. The voltage for which no current
flows corresponds to the potential present on the nanowire at the position of the tip.
The two I/V curves recorded for tip 2 and tip 4 while a current of 200 pA was
flowing through the nanowire are shown in Fig. 9b. As can be seen from this
image, the voltage difference between tip 2 and tip 4 is 167 mV, which results in a
resistance of 935 Q. Taking into account the distance between tips 2 and 4
(2.4 um), as well as the height (~15 nm) and the average width (~50 nm),
results in a resistivity of 26 pQ cm. This value can be compared to a resistivity of
about 50 p€) cm measured on thin yttrium silicide thin films [10, 11].

5.2 Four Point Measurements on Graphene

In the following we present four probe measurements performed on graphene
exfoliated on SiO,. The fact that the graphene is located on top of an insulating
Si0O, layer without any outer contacts to the graphene flake makes it difficult to
contact such graphene flakes by a multitip STM. Using an SEM the tip can be
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Fig. 9 a Principle of a four point measurement using biased preamplifiers as current probes. b I/V
measurements of tip 2 and tip 4 in Fig. 8b. The voltage at which the current vanishes corresponds to
the potential of the tip

positioned above the graphene flake, but the distance between tip and sample is
difficult to estimate from the SEM images.

Here we present a method to detect the point of contact between tip and
graphene flake using SEM images and a biased tip. Figure 10a shows a SEM
image in which a graphene flake is imaged with dark contrast on the silicon
dioxide substrate. The tip approaching the surface is still not in contact with the
flake. If the tip is negatively biased at —10 V, the SEM contrast of the graphene
flake reverses to a bright contrast if the biased tip comes into contact with
the graphene flake, as seen in Fig. 10b. The negative potential of the graphene
flake relative to the sample leads to an enhanced emission of secondary electrons.
Vice versa a positive tip voltage leads to a darker contrast in the SEM image at the
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(a) )
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Fig. 10 Contacting of a graphene flake under SEM control using a biased tip. a The tip is not in
contact with the flake: the flake appears to be darker than substrate. b The flake, when contacted
with a biased tip, appears to be brighter than the substrate

point of contact. The method described above allows to contact graphene flakes on
an insulating oxide substrate nondestructively by an STM tip.

After the first tip has been brought nondestructively into contact to the graphene
flake a bias voltage can be applied to the flake and the other tips can be contacted
using the ordinary STM mode approaching the tip to a biased flake. This has been
done on a several layers thick graphene (graphite) flake shown in the SEM image
in Fig. 11a. Tip 3 and especially tip 4 are bent quite much (from previous
experiments) but can be still used to drive a current into the graphene sheet. The
potential present at the positions of tip land tip 4 is measured using these tips as
voltage probes, disconnected from the current preamplifiers during the concerted
measurement. This conventional four probe measurement with the inner tips used
as voltage probes results in a I/V curve which is shown in Fig. 11b. A linear
dependence between the measured voltage difference and the injected current is
measured. The slope corresponds to a resistance of 9.43 Q which results in a sheet
resistance of 60 Q/[] taking into account an infinite flake model and the actual
distances between the tips. After the measurement of the I/V curve is finished, tip 1
and tip 4 return to the tunneling position.

6 Conclusions

We have shown that the development of a new type of piezoelectric motor serves
as the basis for ultra-compact scanning probe microscopes. The Koala Drive is the
heart of our ultra-miniature STMs. The Koala Drive can tap its full potential for
the miniaturization for the case of multitip scanning probe instruments. We con-
structed an ultra-compact multitip STM with an outer diameter of 50 mm with a
drift of <0.2 nm/min at ambient conditions. This instrument can be combined with
an optical microscope or a SEM in order to navigate the positioning of the tips.
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Fig. 11 a SEM image of four tips positioned on a multi-layer graphene flake in order to perform
a four probe measurement. Tip 2 (at the lower left edge of the image) is very much
bent. b Measured I/V curve during a four probe measurement resulting in a sheet conductance of
60 Q/C]

We demonstrate the capabilities of the instrument by four point measurements at a
yttrium silicide nanowire and on a graphene flake. Here concerted measurement
processes starting and ending with the tips in tunneling conditions are essential in
order to perform nondestructive electrical measurements at the nanoscale.
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Abstract An atomic scale multiprobe interconnection machine is described in
the context of building of the molecular devices. It combines various tech-
niques for fabrication and surface analysis. The characterization part consists of
low temperature scanning tunneling microscope (LT-STM), four probes vari-
able temperature scanning tunneling microscope (Multiprobe), high resolution
scanning electron microscope (SEM). The fabrication part has field ion
microscope (FIM), evaporators and nanoimprinter. The characteristics of every
part of the instrument and the preliminary experiments on Si(100) surface are
discussed.

O. A. Neucheva (D<) - R. Thamankar - T. L. Yap - C. Troadec - J. Deng - C. Joachim
A*STAR (Agency for Science, Technology and Research),

Institute of Materials Research and Engineering, 3 Research Link,

Singapore 117602, Singapore

e-mail: neuchevaoa@imre.a-star.edu.sg

T. L. Yap

Department of Physics,

National University of Singapore,
Singapore 117542, Singapore

T. L. Yap

GLOBALFOUNDRIES Singapore Pte Ltd,
60 Woodlands Industrial Park D Street 2,
Singapore 738406, Singapore

C. Joachim

Centre d’Elaboration de Matériaux et d’Etudes Structurales (CEMES-CNRS),
29, rue Jeanne Marvig, BP 94347

31055 Toulouse Cedex 4, France

C. Joachim (ed.), Atomic Scale Interconnection Machines, Advances in Atom 23
and Single Molecule Machines, DOI: 10.1007/978-3-642-28172-3_3,
© Springer-Verlag Berlin Heidelberg 2012



24 0. A. Neucheva et al.

1 Introduction

The atomic scale interconnection machine is a complex instrument for fabricating,
analyzing and operating the molecular devices. Depending on the substrate
properties the two sets of equipment can be used, combination of a scanning
tunneling microscope (STM) with a SEM for the surfaces with moderate band gap
and an atomic force microscope (AFM) together with an optical microscope for the
large band gap substrates [1].

In the first part of this work the interconnection machine with the main
functional parts of STM and SEM will be described. The equipment is built by
Omicron GmbH and is located at Institute of Materials Research and Engineering,
Singapore. The machine consists of the variable temperature 4 probes STM, high
resolution Gemini SEM and low temperature STM (LT-STM) (Fig. 1).
The multiprobe STM is used to perform the final measurements of the built
nanodevices whereas the SEM is used for navigating the STM tips. The machine
also has an LT-STM which is used for manipulation and more delicate surface
investigation. Transfer of the sample at liquid helium temperature is possible
between the multiprobe and the LT-STM sides with a help of manipulator which is
cooled down by liquid helium flow. Besides that there is a preparation side where
all prior work of surface preparation is done (Fig. 2).

In the second part of this work the process of building the molecular logic gate
[1-4] on Si(100) surface will be described and preliminary experimental results
will be shown.

2 Experimental Setup

2.1 Introduction

The Omicron Multiprobe System has three main parts: preparation, LT-STM and
multiprobe. The idea of building this machine rose from the necessity of bringing
all the preparation and characterization steps of the device fabrication and char-
acterization in situ. Due to high reactivity of the silicon surface special attention
should be paid to the vacuum during the experiment.

Preparation of the experiment is the most time consuming process which
contains 3 main steps: vacuum preparation, tip preparation and sample preparation.
The ultra-high vacuum is essential for all chambers of the machine and is the first
target when the machine is assembled. Ultra-high vacuum is reached after baking
of the machine at 150°C. The multiprobe chamber has to be baked for at least 60 h
whereas the LT-STM and preparation chambers—for at least 40 h. Once the
pressure is in the desirable range the next steps begin: namely, making the device
and testing it.
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Fig. 1 Omicron Interconnection Machine (picture is taken from the preparation side). The
machine has 3 long Z-direction rotatable manipulators (load-lock, multiprobe and LT-STM) and
6 wobble sticks which are used to manipulate the samples. The manipulator on the LT-STM side
can be cooled down to liquid helium temperature, whereas the other 2 are at room temperature
only. The X, Y, Z rotatable manipulator is attached to the preparation chamber

Fig. 2 Preparation side of
the interconnection machine:
FIM, preparation and
imprinting chambers
separated by the gate valves.
The load-lock is attached to
the preparation chamber. The
FIM chamber is not yet fully
equipped

In order to separate “dirty” preparation process from the “clean” experiment
complex preparation chamber was designed to split the machine into fabrication
and characterization parts.

2.2 Preparation Side

Preparation side consists of three parts: FIM chamber, preparation chamber and
imprint chamber (Fig. 2). It has one turbo pump attached to the FIM chamber and
two ion pumps at the preparation and imprinting chambers. All the parts are
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separated by gate valves and the pressure of low —10 mbar can be reached after
baking and outgassing the filaments with all the valves open. When the valves
between the parts are closed the pressure of low —11 mbar can be reached in the
preparation and imprinting chambers.

The FIM chamber is designed to have low temperature field ion microscope
which allows preparing the atomically sharp tips in situ. The sharpness of the tips
is very important because the tip apex shape defines the point of tip-surface
interaction. Single atom contact ensures cleanness and reproducibility of the
experiments. Prior the FIM sharpening the tungsten tips are chemically etched in
KOH solution to the sharpness of few tens of nm (checked with outside SEM and
TEM). In order to remove the oxide the tips are heated to high temperatures using
the resistive heating. After the chemical etching and oxide removal the tips are
ready for the FIM finishing [5].

The lack of this particular machine is different design of the probes. Each part
(LT-STM, high resolution probe and normal probe) has completely different tip
holders which require modification of the manipulators in order to handle all the
designs.

The preparation chamber is used for sample preparation and tip flashing. It is
equipped with an X, Y, Z rotatable manipulator, a quadruple mass spectrometer, an
atomic hydrogen source, an e-beam evaporator and a sputter gun. External
pyrometer is used to monitor the sample temperature during Si(100) preparation.
A “fast” load-lock which can be pumped down to low —8 mbar overnight without
baking is attached to this part.

For atomically clean silicon sample preparation the direct heating of the sub-
strate is needed. The manipulators at the preparation and the imprinting chambers
have the possibility of the direct and resistive heating of the substrates. In the
preparation chamber the sample can be also cooled down to liquid nitrogen
temperature.

Silicon is a very reactive surface and an oxide layer is formed when kept at the
atmospheric conditions. Therefore, prior to loading it into the load-lock, the sam-
ple is “refreshed” in the low concentration HF to minimize the time for the surface
oxidation. After that the sample is loaded to the load-lock which is pumped for
12 h following by transferring the sample into preparation part and outgassing at
600°C for another 12 h (till the pressure remains below Se-10 mbar) using the
direct current to heat. After that the sample is flashed to 1,100-1,200°C during
10-30 s several times until the pressure remains below 1le-9 mbar following by
slow cool down with a rate of 20°C/min.

If the sample requires further processing (molecule deposition or passivation)
all the processes are done in the preparation chamber after the sample is cooled
down to room temperature. For passivation of the Si substrate atomic hydrogen
source FOCUS EFM-H is used. There are different recipes for Si surface passiv-
ation [6]. In our experiments the Si(100) surface is exposed to atomic hydrogen
source for a few minutes at the base pressure of middle —8 mbar. The power to
heat the tungsten capillary is set to 30 W. After passivation in the case of intended
imprinting the sample is transferred to the imprinting chamber.
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The imprinting part is equipped with rotatable manipulator, nanoimprinter and
electron beam evaporator. The electron beam evaporator is used to deposit the gold
islands onto various surfaces in situ. The golden rod is mounted into evaporator
and heated with the electron beam till the evaporation temperature is reached.
(Previously the deposition was done “outside” and gave a lot of contamination to
the surface).

There are two carousels with 6 slots each are available in the preparation and
imprinting chamber to keep samples or tips under vacuum.

When the sample is fully prepared for the experiments it is transferred back to
the manipulator of the preparation chamber and cooled down to the liquid nitrogen
temperature in order to reduce the consumption of the liquid helium at the
LT-STM side. With a help of the wobble sticks the sample is transferred to
the long magnetic manipulator which connects the preparation chamber with the
multiprobe and the LT-STM chambers.

For the characterization chambers the vibration isolation of the systems
becomes very important. Despite the location of the laboratory at the basement of
the building and the solid rock ground underneath there were vibrations detected
during the preliminary tests. Therefore, special vibration isolation was built sep-
arating the rectangular shape pad for the machine from the rest of the building.
Moreover, the machine is floating on the 4 vibration isolation legs which damp the
vibrations of the high frequencies.

2.3 LT-STM Side

LT-STM is the most precise technique in the whole interconnection machine. It is
operating at 4.2 K and has base pressure of high —11 mbar. The STM stage
requires additional vibration decoupling therefore it is suspended by the three soft
springs vibrations of which in turn are damped using the eddy current mechanism.
This further reduces the noise level to the pm range and providing higher
sensitivity.

LT-STM has two cryostats: outer one is filled with liquid nitrogen and has to be
refilled every 50 h. Inner cryostat has liquid helium inside and needs to be refilled
every 60 h.

The LT-STM has the options to operate at room temperature, liquid nitrogen
and liquid helium temperatures. However, the thermal drift in the first two cases
leads to the poor quality of images and spectroscopy. The machine can be cooled
down from room temperature to liquid helium temperature within 10 h but full
thermal stabilization can be achieved only after 24 h.

When thermal stabilization is reached the drift of the system at liquid helium
temperature lies within a range of few nm per 10 h (Fig. 3).

The sensitivity of the machine allows measuring the tunneling current starting
from few pA and to 333 nA (using 2 regimes of the current preamplifier from O to
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Fig. 3 STM images of the Au(111) surface representing thermal drift of the sample with respect
to the tip during 13 h. Dotted lines correspond to the direction of the drift: a After the course
motion of the piezos of the STM; b After the fine motion of the piezos
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Fig. 4 STM images and spectroscopy of Si(100) and Au(111) surfaces: a I(z) spectroscopy of
the Si(100) surface at different tip heights and corresponding images (inset: 500 mV, 1 nA;
18.7 x 18.7 nm); b Atomically resolved image of Au(l111) (5§ mV, 5 nA); ¢ Image of the
Au(111) surface after atomic manipulations of the gold adatoms (500 mV, 1 nA); d I(r)
spectroscopy on Au(111) during atomic manipulation

3.3 nA and from O to 333 nA, respectively). The noise level within the whole
range does not exceed few pm (Fig. 4a).
Atomically resolved images were obtained on metal (Au(l11): Fig. 4b) and
semiconductor (Si(111) and Si(100)) surfaces at liquid helium temperatures.
Manipulation of gold adatoms on Au(111) [7] surface was done in a controlled
way by pulling the adatoms with the STM tip along different directions on the
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Fig. 5 UHV-Multiprobe chamber: a Outside view; b Inside view: 4 probes STM

surface. In total 30 adatoms were moved one by one forming the letters (Fig. 4c).
Hopping of the atoms along the surface was recorded using the I(r) spectroscopy
(Fig. 4d) revealing the hopping distance of 0.22 nm which agrees with interatomic
distance of Au(111) (Fig. 4c¢).

2.4 Multiprobe Side

The multiprobe side of the machine is the final destination of the sample. After it is
processed in the preparation chamber and all necessary measurements and
manipulations are done with the LT-STM the sample can be transferred to the
multiprobe chamber for the conclusive measurements. Two to four probes can be
used to perform both surface conductance measurements [8] and mechanical
manipulations of the nanoobjects [9].

Some of the molecules or molecular structures are only stable on the surface at
liquid helium temperatures. Therefore, the possibility of transfer at low tempera-
tures is essential for conserving the built structures. The transfer mechanism
between the LT-STM and the multiprobe chambers was designed to be cooled to
liquid helium temperature (Fig. 1). Additional differential pumping of the cold
transfer mechanism ensures clean transfer of the sample from the LT-STM to the
multiprobe side.

The main advantage of the multiprobe chamber in comparison with the
LT-STM one is that it has 4 probes instead of one and an operator can see and
navigate all of them using the scanning electron microscope located above the
STM stage (Fig. 5).

UHV-Multiprobe is equipped with a high resolution SEM positioned vertically
on top of the multiprobe stage. This has a GEMINI column with high lateral
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resolution (~3 nm). This can be operated at low beam energy (100 eV-30 keV)
and beam currents up to 50 nA. Advantage of this kind of SEM is that it can be
operated at large working distance (10-15 mm) which is useful for multiprobe
measurements. SEM is calibrated using Au/Carbon sample and Au/MoS2 sample.
Multiprobe can be operated in a large temperature range from 440 to 30 K which
gives a very good degree of freedom in the measurements. The sample can be
cooled using liquid helium and temperature as low as 30 K. The tips are calibrated
using Au (111) sample. We use standard sputtering technique using Ne+ ion beam
and annealing up to 750 K resulting in atomically flat surface with large terraces.

The multiprobe chamber has a turbo pump, 2 ion pumps (one for the SEM
column) with the base pressure of low —10 mbar.

One of the four STM tips is high resolution tip which can be used for both
atomically resolved imaging and spectroscopy, whereas the other 3 tips can only
image the surface. All four tips have one Matrix control unit which is usually
connected to the high resolution probe and one manually controlled unit which is
connected to one of the 3 standard probes. This limitation significantly complicates
the process of the four probe measurements. In order to land all four tips on the
substrate the standard tips have to be approached one by one by disconnecting
the manually controlled unit from one tip to another. Taking into account that the
multiprobe STM stage does not have additional vibration isolation unlike LT-STM
part mechanical contact between the operator and the machine leads to the crash of
the tips. In the case of contact measurements this situation is not as crucial as in the
case of tunneling measurements. In order to solve this problem all tips must be
controlled separately using 4 Matrix control units.

3 Experimental Results

Building of a single molecular device is a complicated process which involves
different steps: surface preparation, nanoimprinting, atomic and cluster manipu-
lation (device assembly), multi-tip spectroscopy and packaging.

Full and detailed description of the process can be found in the paper [1]. In this
chapter a brief concept and realization on the specific interconnection machine (for
moderate band gap surfaces) based in Singapore.

Hydrogen passivated Si(100) is used as a substrate. Surface preparation has
been described in the previous section. Special attention should be paid to the size
of the terraces because the whole molecular circuit has to be located in the same
terrace, in contrast to work [10]. The size of the terraces can be controlled by
direction of the current passing through the substrate with respect to the surface
orientation [11].

The passivated substrate with long range terraces has been prepared in the
preparation chamber and the sample has been transferred to the imprinting
chamber in order to print gold clusters which will be used as electrodes of the
molecular devices. These gold clusters are initially deposited on MoS, surface and
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MoS, sample

Silicon

Fig. 6 a Inside view of the imprinting chamber: the piezo-driven part with MoS, sample is on
the left; on the right side has Si sample; b SEM image of the MoS, pillars made by
nanolithography method; ¢ TEM image of the gold nanoislands transferred from the MoS,
surface to Si surface

are known to form the islands of regular shape [12]. The height, shape and lateral
dimensions of the islands depend on the MoS, surface temperature during depo-
sition. At the substrate temperature of 400°C gold is the most uniformed and self-
assembled into the triangular islands with a size of tens of nm.

After deposition of golden islands on MoS, the next step is to transfer them
onto Si(100) surface using nanoimprinter (Fig. 6a). The nanoimprinter is based on
the piezo-driven attocube positioning system which allows to get very high pre-
cision of the lateral movement of the stamps. The force applied to the indenter is
the range of few Newton (maximum 5 N) which leads to the transfer of the Au
islands only but not the MoS, sheets. In order to have a better contact between the
two surfaces the MoS, surface is patterned with a help of nanolithography to have
the pillars of square (25 by 25 um) shape with a height of 8 um (Fig. 6b).

The preliminary experiments show that the islands remain their truncated
pyramid shape when transferred from one surface to another (Fig. 6¢). These
islands are mobile on MoS, surface [13] and can be manipulated with the STM tip.
Similar behavior is expected on Si(100)H surface. Since the islands are not equally
distributed on the surface (due to the patterning of the MoS,) it is very difficult to
find them with conventional STM with a scanning area of 1 by 1 pum. Therefore,
the imprinted sample is transferred to the multiprobe which has the SEM for better
tip navigation.

I(V) spectroscopy performed on the deposited islands and the bare silicon
substrate reveals significant difference in their electronic properties. It also showed
that in some cases there was MoS, sheets transferred together with the islands
which can be avoided by better alignment and force control of the nanoimprinter.

When the electrodes made from the gold islands have been successfully made
on the Si(100)-H surface the next step is to “wire” them to the functional group of
the molecular device. The atomic wires are the dangling bonds of Si(100) which
are formed by depassivation of individual Si dimmers. The STM tip is brought in
close vicinity of the targeted hydrogen atom and the voltage pulse is applied
leading to removal of the H atom from the surface [14]. These wires must be
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relatively long in order to be able to land the 4 probes to the Au electrodes.
Interatomic distance along the dimer rows on Si(100) is 3.84 A and the minimum
distance between the 2 tips which was reached is 50 nm which means that each
atomic wire must be at least 35 nm long giving the number of around 90 atoms to
be removed by the tip of the LT-STM. Such distance must be sufficient to avoid
discrete electronic resonances [15].

The final step of a device assembling is introducing the functional group to the
circuit [16]. As a functional group both organic molecules and inorganic structures
can be used. Surface conformation, chemical and electronic properties of the mol-
ecule define the functional properties of the device. On the one hand large size of the
single molecule shortens the length of the molecular wires needed. However, it
makes more difficult to perform theoretical calculations for the large molecules.
Moreover, the number of STM probes limits the number of electrodes which can be
used simultaneously. Since the interconnection machine has 4 tips on the nanoprobe
side in the ideal case the single molecule must have 4 wings. The preliminary
experiments which were done on the Y-molecule on Au(111) surface [3] show the
change of the electronic properties with attaching the Au adatoms to it. The trans—cis
isomerization molecules [17] can also be the good candidates for the molecular
electronics. However, the single molecule which will be used in a molecular device
is not yet decided and the testing experiments and calculations are running.

Considering the inorganic components as the candidates to build the device one
can think of the atomic circuit consisting of the lines of depassivated Si(100)
dimers. The preliminary calculations reveal promising results for the variety of the
logic gates such as OR, NOR and XOR.

In summary the Omicron atomic scale interconnection machine has been
described. The test experiments reveal the minor problems of the machine (noise at
the Multiprobe side, tip control); nevertheless, very good performance of the
equipment can be achieved. The preliminary results toward building a single
molecular device have been demonstrated and discussed.
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Abstract The scientific and technical challenges involved in the building of the
planar electrical connection of an atomic scale circuit to N electrodes (N > 2) on
insulating substrates are presented. In the Nanoscience group of Toulouse, the
UHYV factory has been developed since ten years in order to realize under UHV the
five levels of interconnections on insulating substrate, to characterize by NC-AFM
the different steps and to measure the electrical properties of the realized device.

1 Introduction

An UHV atomic scale interconnection machine is designed to follow a dedicated
interconnection sequence. On an atomically clean well-prepared surface, an
atomic scale circuitry is fabricated (A). This circuit must have a minimal lateral
extension to make possible its connection to a large number N of metallic nano-
pads (B) positioned around it. In the example of Fig. 1, a molecule is connected to
these nanopads by atomic metallic wires. These nanopads (B) have to be contacted
by a series of N nano-scale wires (C) up to the point where microelectrodes (D)
can be surface fabricated and contacted by N micro-scale metallic cantilevers (E)
also from the top of the wafer.

For a large valence band-conduction band electronic surface gap (more than a
few eV up to 12 eV for good insulators), SEM is difficult to use because the
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electron beam will charge the surface. In this case, an optical microscope must be
used. This microscope determines the minimum length of metallic surface wiring
that must be fabricated starting from the nano-pads (B) in Fig. 1 toward the next
contact stage based on metallic microcantilevers. Fortunately, with a large surface
gap, the surface area of those interconnects can be expanded laterally without
significant leakage currents between the different electrodes. This is the basic of
the UHV interconnection machine described in this chapter where a low tem-
perature approach is not compulsory. As presented in Fig. 1, a large surface
electronic gap for the material supporting the interconnection structure leads to
five levels of interconnects. Levels (A) and (B) depend on our mastering of atomic
scale surface science phenomena while level (C), (D) and (E) rely on mesoscopic
scale surface phenomena like surface wetting, associated with developments in
UHYV instrumentation.

The starting point of a multi-access interconnection technology on a large
electronic gap surface material is the careful selection and surface preparation of
the supporting material.

2 Atomic Scale Circuitry (Level A)
2.1 Surface Selection and Preparation

For natural as well as for artificial mineral crystalline compounds, a wide band gap
is more the rule than the exception. But, in this huge class of materials, only a few
have been investigated in details by surface science techniques, mainly because of
the inadequacy of techniques using electron beams to study them. Stringent con-
ditions should be satisfied to make possible the construction of the first atomic
scale level (A) of the interconnection sequence presented in Fig. 1: The surface
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Table 1 Some of the most studied wide band gap semiconductors and insulators
Material KBr MgO Al,O3 CaF, 4H-SiC 2H-GaN 2H-AIN
Bulk band gap (V)  6.6°  7.8° 8¢ 1219 3.07° 3.47° 6.28°

*[34]
" [35]
© [36]
437
° [38]

should be (1) atomically clean, with a well-controlled stoichiometry, (2) atomi-
cally flat, with large enough terraces (3) should present few defects and (4) should
allow the 2D growth of metal nanopads (B). In these conditions, a typical 50 nm x
50 nm “perfect” area, suitable to accommodate the atomic scale device, becomes
readily accessible. A selection of wide band gap materials that have been studied
in details, either for their simplicity or for their applications, and that satisfy these
requirements, is presented in Table 1.

KBr is representative of the family of alkali halide, the archetype of ionic
compounds. The most stable surface, prepared by cleavage, is the non-polar (001)
surface. Large atomically clean terraces are easily obtained. MgO is one of the
simpler ionic oxides, used for instance as a model catalyst. As for KBr, the most
stable surface is the (001) surface. Cleavage allows getting a clean surface with the
nominal stoichiometry of the material. The surfaces of the different phase of
alumina have been studied for a long time, but despite their technological interest,
their atomic structure remains largely unknown. They are difficult to prepare and
present usually complex phase diagrams, where the surface stoichiometry plays a
determining role. CaF, is an ionic insulator that has been considered for a long
time as a good candidate for insulating material in microelectronics due to its small
lattice mismatch with Si. The CaF,(111) surface can be obtained by cleavage and
it is atomically flat over large areas. SiC is one of the most studied wide band gap
material, finding applications in such diverse area as power electronics, micro-
electro-mechanical systems and as supporting material for graphene. It exists in
different polytypes, which display a rich variety of surface reconstruction, some of
which have been investigated in detail by STM [1]. More recently, group-III
nitride semiconductors (GaN, AIN) have attracted much interest for their appli-
cations as short wavelength optical emitters and detectors as well as for high-speed
electronics. A large variety of surface structures is obtained depending on the
growth method and conditions. Some of these surfaces have been studied in detail,
in particular by STM [2].

For all these materials, the surface band gap should be distinguished from the
bulk band gap. For instance, at the MgO(001) surface, the band gap is reduced
form the bulk value of 7.8 to 6.2 eV, due to an unoccupied surface state [3]. An
extreme case is that of the metal-rich termination of GaN(0001) and AIN(00001)
faces, which is metallic [2]. Among all these different insulating substrate, we have
chosen to work on AIN(0001) surface. Indeed it is the only insulating substrate that
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Fig. 2 Atomically resolved
NC-AFM image of the
KBr(001) surfaces showing a
monoatomic step and atomic
defects

would allow to fullfill the 4th criterium of 2D growth of metal nanopads as
explained in the Sect. 1 “Atomic Scale Interconnection Machine”.

2.2 Atomic Scale Imaging: NC-AFM

After the surface preparation, STM atomic scale surface imaging is practical only
for SiC, GaN and the metal-rich faces of AIN, among the compounds listed in
Table 1. Fortunately, recent progresses in AFM imaging with the so-called non-
contact (NC) or frequency modulation (FM) mode [4, 5] have opened the way to
atomic and molecular resolution on large gap and insulating surfaces. Notice that
this NC-AFM can be efficiently combined with optical microscopy if suitable
markers in the micron range are fabricated on the substrate as discussed at this end
of this section.

In NC-AFM, the cantilever is embedded in a positive feedback loop that
oscillates at the cantilever resonance frequency while another loop maintains its
oscillation amplitude at a pre-set value. In contrast to the amplitude modulation
(AM) or “Tapping” [6] method, where the frequency is externally fixed, the
resonance frequency of the cantilever in the FM method varies under the influence
of the tip-sample forces. A “topographic” image is obtained by scanning the sur-
face while adjusting the tip-substrate distance required to maintain this frequency
shift at a pre-set value. The specificity of this method is that very high quality
factors force sensors, which lead to increased force sensitivity, can be used without
penalizing the acquisition time, as in AM-AFM, as demonstrated in the founding
paper of FM-AFM by Albrecht and co-workers [7].

True atomic resolution was first obtained in NC-AFM by Giessibl [8] and
Kitamura and Iwatsuki [9] in 1995. It has now been achieved on a wide variety of
surfaces (metals, covalent or ionic semiconductors, covalent or ionic insulators)
and the technique, after been used in UHV for a long time, is now adapted to


http://dx.doi.org/10.1007/978-3-642-28172-3_3

The DUF Project 39

Frrri
1.0nm

Fig. 3 High-resolution images of the top of type II islands, obtained on different samples with
different cantilevers. Experimental conditions: a fo = 274 kHz, Af = —150 Hz, A = 2 nm.
b fo = 287 kHz, Af = —80 Hz, A = 2 nm. ¢ fo = 278 kHz, Af = —285 Hz, A = 2 nm. The
corrugation in these images is of the order of 0.1 nm

ambient conditions and to liquids, especially for applications in biology [10].
Referring to Table 1, true atomic resolution has been obtained on KBr(001)
(Fig. 2) [11] and many other alkali halides [12], MgO(001) [13], Al,03(0001)
[14], CaF,(111) [15] but not yet on SiC, GaN and AIN.

Even less is reported on the imaging of molecules on the surface of the
materials of Table 1 by NC-AFM. Most of the reported work was performed on
alkali halides surfaces, such as KBr(001) and at room temperature [16]. In these
conditions, for low coverage, most molecules diffuse, due to their weak inter-
action with these surfaces, making the observation of single isolated molecules
impossible, except when adsorbed on a defect, for instance a step edge. Using
structured surfaces [17] allows more efficient trapping of the molecules [18]. For
higher coverage, monolayer islands followed by multilayer 3D crystallites are
often observed (PTCDA on NaCl(001) [19] and on KCI(001) [20]). Molecular
lines are also formed in certain cases (DiMe-PTCDI/KBr(001) [21]). The
observation of submolecular details on 2D layers of HMTP on KBr(001) can be
achieved as shown in Fig. 3 [22]. The analysis of these topography images is not
straightforward. The most probable reason is that the image is influenced by the
structure of a non-symmetric tip. In these conditions, it is impossible to position
a molecule on the image without further indications. Calculations, incorporating
a realistic tip model are clearly needed to progress in the interpretation of this
type of images.

It is clear that NC-AFM will boost this rapidly developing new domain of
surface science. With the advent of low temperature NC-AFM heads, these
problems of mobility of molecules on insulating surfaces will become less limit-
ing. Nevertheless, a large effort is needed to synthesize molecules adapted to room
temperature experiments in the longer term vision of devices that should ideally
work at this temperature.
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3 Atomic Scale Surface Interconnection Circuit

The next step in the interconnection strategy presented Fig. 1 is to build con-
ductive atomic wires on the surface of the wide gap material to connect the atomic
scale circuit to the metallic nanopads. Therefore, it is not enough to use for
example surface step edges to self-stabilize metal atomic wires following a
peculiar surface crystalline direction. These atomic wires have to converge toward
a specific surface location whose lateral dimension will be around 10 nm and this
is generally not compatible with surface crystallographic directions. Two strate-
gies have been envisioned to construct these atomic wires: single atomic manip-
ulation or a self-assembly process via molecular molding [23].

3.1 Metallic Nanopads Fabrication and Re-configuration
(Level B)

The metallic nanopads (B) of the Fig. 1 interconnects have two functions: First,
they serve to bridge the atomic scale circuit (A) to the next mesoscopic level of
interconnection (C). Second, they provide the metallic density of states necessary
in a decoherence like process to superpose the billions of through bond electron
transfer per second that are occurring between a couple of voltage bias nanopads
(B) through the atomic scale circuit (A). This superposition results in the tunneling
current intensity which can be measured with a standard amperemeter [24]. The
pads lateral dimension must be compatible with the actual precision of the
dynamic nanostencil technique (described in Sect. 3.2.1), which is of the order of a
few tens of nanometers. These nanopads should also be not too high (less than
three monolayers) for the AFM tip to be able to image the surface where the
central atomic scale circuit is located and crystalline to present well defined facets
without which imaging a molecule becomes very difficult.

The first classification of growth modes of a deposit on a surface was proposed
by Bauer [25] who distinguished three basic modes: (i) The Frank-van der Merwe
two-dimensional growth, where atomic layers are formed one after each other, (ii)
the island Volmer-Weber growth, where three-dimensional clusters are formed and
(iii) the Stranski—Krastanov mode, where two-dimensional growth is followed by
cluster formation.

It turns out that, in most cases, metals grow on the materials listed in Table 1 in
the Volmer-Weber mode, that is in the form of low aspect ratio clusters. This is
particularly the case for alkali halides and most oxides surfaces, while much less is
known on the other materials. An example is shown in Fig. 4, where four
monolayer (ML) of copper were deposited at room temperature on a Al,05(0001)
surface and imaged with AFM: Compact islands with sizes ranging from 2 to 6 nm
are observed. This general behavior can be traced back to the fact that the surface
free energy of insulating materials is quite generally much lower than that of
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Fig. 4 a AFM image of an alumina surface where 4 ML of copper have been deposited at room
temperature. b Profile corresponding to the line plotted on the image
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Fig. 5 Mg metallic nano-island growth on the GaN(0001) surface. (Left) the RHEED
oscillations at different substrate temperatures during the growth. (Right) UHV STM image of
a 0.6 ML deposit showing Mg monolayer islands with very small inter-island distances. Adapted
from [27]

metals. Of course, many other parameters influence the growth mode, such as
the lattice mismatch between the two materials or the nature of the interface
(reactive or not) as well as the experimental conditions during the growth, which
can drive the system far from thermodynamic equilibrium. We refer for a detailed
description to the book of Noguera [26].

From a practical point of view, this behavior constitutes a serious problem to
make suitable nano-pads. Fortunately, it was recently demonstrated that Mg grows
on the N-rich face of GaN(0001) in the layer-by-layer mode [27], making this
system promising for our purpose. Figure 5 shows the RHEED oscillations during
the growth at different temperatures and a STM picture showing monolayer
(height ~ 0.3 nm) epitaxial islands. This behavior is favored by the small lattice
parameter mismatch of 0.3% between the substrate and the deposit. Note that STM
imaging can be practiced on GaN, due to its relatively small band gap (Table 1).
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In contrast, studies to find a metal that would grow in the layer-by-layer mode on
AIN, which has a larger gap (Table 1), require the use of NC-AFM.

Aside from continuing the exploration of the growth conditions of metal nano-
islands on large gap semi-conducting and insulating surface for example by
playing with kinetic effects to better adapt the metal nano-island shape, it is also
important to consider how to arrange them on the surface. In Figs. 4 and 5, they
are randomly distributed over the surface which may be very good to find two
nano-pads contacts as indicated in Fig. 5 with sometimes very small inter nano-
pads distances below 1 nm. Such small gaps are impossible to fabricate with
conventional e-beam nanolithography techniques. For a larger number N of
interconnects, the nanopads will have to be arranged in a specific order and ori-
entation on the insulating surface. At present, the only way to construct such an
interconnection structures with for example N nanopads converging in a circle
toward the same surface spot is to manipulate them one by one using the tip of a
NC-AFM. This puts forward the need to study manipulation by NC-AFM not only
of single atoms or molecules but also of larger nano-objects made of millions of
identical atoms. This had already been demonstrated on a small gap semi-
conductor surface with STM and is now required for larger electronic gap surfaces.

3.2 The Interconnections from Nano to Macro World
(Levels C, D and E)

According to the interconnection scheme illustrated in Fig. 1 and after having
fabricated well facetted metallic nano-islands (nanopads), the next steps are the
realization of the three interconnection levels C, D and E with increasing width
from the nanometer to the macroscopic scale. To realize these electrodes on the
surface, it is not possible to use either a resist-based nano-lithography technique or
a stamping technique because the atomic cleanness of the working area where the
atomic scale circuitry A and the nanopads B should be built should be preserved.
The only remaining possibility is to use different stencil techniques under UHV to
grow the nanoscale wires (C) and the microelectrodes (D), and then to use metallic
microcantilevers (E) to contact the microelectrodes. The order in which these
different operations have to be performed does not follow the order in which they
were presented, but depends on technical constraints related to the necessity of
successive alignments of the different structures. The operations performed to
realize the interconnection levels C, D and E, are combined with levels A and B
according to the following sequence:

Surface preparation, for instance, growth of AIN.

Growth and possibly manipulation of the metallic nanopads (Level B).
Growth of the microelectrodes by static stenciling (Level D).

Nanostencil deposition of the nanowires between the metallic nanopads and the
end of the microelectrodes (Level C).

el



The DUF Project 43

Fig. 6 a Schematic view of a

: . substrate
the geometrical configuration =
for the Toulouse AFM -~

nanostencil machine.

atom beam 126° FIB drilled

b Scanning electron direction cantilever
microscopy (SEM) image ﬁg’ 15°
showing a recessed box in the
rear face of an AFM tip, @
which was first thinned down ; #
pyramidal

to 80 nm by FIB tip

box with thinn
wall (80 nm)

5. Building of the atomic scale circuitry by NC-AFM (Level A).
6. Electrical measurement of the molecule properties with the help of the metallic
microcantilevers (Level E).

3.2.1 The Stencil Techniques

Two main stencil techniques exist: the static technique, in which the mask is
placed in contact with the substrate, and the pattern is directly evaporated on its
surface, and the dynamic technique [28-32], in which the pattern is drawn on the
substrate by moving the mask. This last mode is generally implemented on an
AFM microscope. Indeed an AFM cantilever can be patterned using the focused
ion beam (FIB) technique and used as the shadow mask. Figure 6a shows the
principle of the nanostencil technique based on an AFM cantilever.

Figure 6a shows the geometrical configuration of the dynamic stencil on the
Toulouse machine. SizN, cantilevers, with hollow tips, are used. The stencil
pattern is made in the rear side of the tip, using a focused gallium ion beam.
It should be positioned as close as possible to the substrate in order to minimize the
geometrical enlargement of the deposited pattern, which varies as the ratio
between the pattern-surface distance and the evaporation source-surface distance.
To reach small mask pattern sizes, it is also necessary to thin down an area of
the tip side from about 800 to 80 nm (the box shown in Fig. 6b) before drilling
the patterns in this membrane.

The high positioning precision of the AFM combined to the nanometric size of
the apertures made in the AFM cantilever allows to obtain nanowires. Dynamic
nanostencil is a UHV in situ technique with the additional advantage of allowing
to image the surface at the different stages of the fabrication process and therefore
to directly align the mask relative to the nano-pads.
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Fig. 7 a Optical microscope image of the microelectrodes aperture made in a static stencil
membrane. b 75 x 75 pm AFM image in non-contact mode showing one device [32]

3.2.2 Growth of the Microelectrodes by the Static Stencil Technique

The microelectrodes are deposited in UHV by the static stencil technique. Specific
microelectrodes were designed in such a way that they are protected by the shadow
of the AFM cantilever used during the next steps to grow the nanowires.

Figure 7a shows the microelectrodes stencil mask, observed by optical
microscopy. One microelectrodes device constitutes the bridge between the level
C (1 pm) and E (10 pm): the pads used for the connection with the metallic
microcantilevers are 6 um in width separated by 6 pm. So the total device is 62 x
20 pum. It is easily seen with an optical microscope, but also with the wide scan
range AFM available with the Micro Clean Room developed in Toulouse,
described in Sect. 4.2. Figure 8b shows a 75 x 75 um NC-AFM image of one
device, made by depositing copper on SiO, [32].

3.2.3 Growth of the Nanoelectrodes by the Dynamic Nanostencil Technique

The nanopatterning of the inter-microelectrodes area by the nanostencil technique,
described previously, relies on the precise determination of the actual location of
the deposited nanopattern with respect to the nanostencil AFM tip. Consequently,
a preliminary calibration step is needed for each new nanostencil AFM cantilever.
In a typical calibration experiment, the cantilever is approached to a bare substrate
in either non-contact or contact AFM mode. A deposit is then made using the
dedicated effusion cell. Large-scale AFM images are then obtained by scanning
the X-Y table and the relative position of the deposited pattern and the AFM tip
can be precisely measured. Subsequently, the bare substrate is exchanged with the
substrate with the deposited microelectrodes. Hence, knowing the location of one
set of microelectrodes and the relative position of the deposit with respect to the
AFM tip apex, the nanopositioning table is moved so as to deposit the nanopatterns
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Fig. 8 Non-contact AFM
image (4 x 4 um) of Cu
nanoelectrodes deposited
between the Pd micro
electrodes made by static
stencil on Si substrate; (inset)
SEM image of the FIB drilled
pattern distorted to correct the
geometrical distortions due to
the evaporation geometry
(from Ref. [31])

precisely between the microelectrodes. Figure 8 shows an NC-AFM image of
5 nm thick copper nanoelectrodes deposited between the four microelectrodes.

This example shows the difficulties met for precise alignment: the nanoelec-
trodes pattern is correctly aligned in y direction but has a misaligning of around
100 nm in x direction and a defect angle of 10°. The error in x and y direction is
related to the mechanical drift of the piezo tube during the experiment. The angle
error comes from addition of error angles during the FIB drilling and the gluing of
the cantilever on its holder. We are confident that these errors can be minimized
and plan to improve the overall accuracy to 20 nm, which is the limit imposed by
our wide range (XY) table (see next section).

3.2.4 Electric Measurements with the Microcantilevers

The micropads at the end of the microelectrodes (Fig. 7) should be connected to
the macroscopic world. Metallic microcantilevers mounted on a specific UHV
compatible printed circuit board (PCB) connected to the outside of the UHV
chamber are used for that purpose. They should have good mechanical and elec-
trical properties in order to establish low resistance electrical contacts with
the micropads. The first models of these metallic microcantilevers used in air were
made entirely with gold and have shown bad mechanical properties: They are
easily plastically deformed. In more recent designs, 1 pm thick SiC layers were
used to support metallic wires. To avoid contact problems, it was also necessary to
induce a curvature of several um of the SiC cantilevers [33]. Furthermore, the size
should be correctly chosen for the microcantilevers to be easily seen with the
optical microscope. In the particular case of the Micro Clean Room, the size of the
microcombs is 6 pm in width for SiC, 4 um in width for each metallic wire,
100 pm in length and 24 pm of periodicity. Figure 9 shows one microcomb
mounted on its dedicated PCB.
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6 pm

Fig. 9 (Left) SEM image of the end of a SiC-based cantilever with the Au wire; (middle) SEM
image of the microcombs made of 10 SiC-based cantilever; (right) microcombs chip mounted on
its specific PCB. The SiC-based microcombs were made by the LPN (CNRS UPR20) at
Marcoussis during the DiNaMo project (French ANR founding No ANR-05-NANO-014)

4 The UHV Factory

To realize under UHV the five levels of interconnect described in Fig. 1, the
deposition of molecules, their observation by NC-AFM and the measurement of
their electrical properties, the GNS group has designed and realized a dedicated
UHV equipment called DUF (DiNaMo UHV Factory). This equipment allows
transferring samples under UHV between five complementary UHV chambers:

1. MBE growth dedicated to nitride semiconductors growth, metallic nanopads
growth and stencil evaporation for microelectrodes.

2. Mass spectrometer transformed in a molecular ions source.

3. Preparation chamber for clean substrates, STM tips and AFM cantilevers.

4. Room Temperature AFM/STM for surface characterization by STM and
NC-AFM.

5. The microclean room: AFM/STM modified for nanostenciling experiments and
electrical measurements.

Figure 10 shows this equipment in its actual state.

4.1 The Nitride Dedicated MBE Chamber

The MBE chamber has mainly three objectives: (1) the growth of the AIN(0001)
substrate, (2) the growth of the metal nanopads on AIN(0001) and (3) the growth
of the microelectrodes described in Sect. 2. We have designed a specific MBE
chamber with eight effusion cells at 45° of the normal axis of the substrate, and
1 effusion cell on the normal axis of the substrate to allow the growth of non-
deformed microelectrodes by the static stencil technique. Furthermore, this MBE
chamber is equipped with high temperature substrate manipulator (1400°C) and a
NH3 gaz line for N precursor for AIN growth. The pumping is done by the way of
a 2300 1/s turbopump and a 1200 /s ionic pump. A 20 keV RHEED gun allows
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Fig. 10 The DUF (DiNaMo UHV Factory) equipment allows to transfer samples between five
complementary UHV chambers in order to realize the five levels of interconnect on wide band
gap semiconductors (GaN, AIN). The different chambers are described in the text

in situ RHEED acquisition. This specific MBE coupled under UHV to the RT
AFM/STM will allow us to study the AIN(0001) surface which is actually not
known.

4.2 The Microcleanroom

To realize the steps 4 and 6 described in the Sect. 3 "Atomic Scale Interconnection
Machine, a UHV Omicron Nanotechnology VT STM/AFM head has been modi-
fied to accommodate different tools, namely [32]:

1. A flexural-hinge guided (XY) piezoceramics driven nanopositioner stage
(100 x 100 pum, repeatability 5 nm) with a closed loop control based on
capacitive sensors.

2. An evaporation system highly collimated on the cantilever to perform nano-

stencil deposition.

. A (XYZ) piezo table for positioning the metallic microcombs.

4. An optical microscope to control the positioning of the microcombs.

(O8]

These modifications were designed by the mechanical department of the lab-
oratory. Figure 11 shows a scheme (a) and a picture (b) of the modified AFM.

The main advantage of using a commercial UHV AFM/STM is to benefit from
its good characteristics for SPM imaging. But the piezoelectric tube used to scan
has a range of a few um only. The addition of a XY table to move the sample
offers the possibility to perform wide range scanning, up to 80 um SPM images,
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Fig. 11 a Schematic view of the functionalities implemented inside the Micro Clean Room, and
b the modified AFM/STM head

while keeping the possibility to realize atomic scale imaging with the piezoelectric
tube.

One of the disadvantages is the small accessible space around the SPM head.
Indeed, it is not possible to place an optical microscope with normal incidence
with respect to the substrate, and an atomic source for the nanostencil experiments
with normal incidence with respect to the AFM cantilever. In our case, the image
obtained by the optical microscope is reflected by a mirror that makes an angle of
30° with the substrate plane. This gives distorted images, with a loss of resolution:
only 3 pm instead of 1 um in normal incidence. The effusion cell is fixed on a port
of the UHV chamber at an angle of 33° with the horizontal plane, and another
angle of 28° between the two vertical planes passing through the evaporation beam
and the central axis of the cantilever (Fig. 6a). This orientation of the atom beam
induces distortion, which should be taken into account in the design of the
nanopattern to be drilled into the pyramidal tip of the cantilever (Fig. 8) [32].

4.3 The Modified Mass Spectrometer TSQ700

To evaporate molecule on a surface, the usual technique is thermal evaporation.
This technique allows the sublimation of molecules if the needed temperature is
not too high. Indeed for fragile molecules, at too high temperature breakdown of
molecules can occur leading to the evaporation of molecule pieces. To sustain to
this problem, one solution is to use soft ionization of molecules. The electrospray
ionization (ESI) was developed for proteins studies. The electrospray ionization
involves the introduction of a sample solution, consisting of an analyte: the
molecule to analyze, dissolved in a solvent, through a stainless steel needle into the
ion source. The solution is pumped through a narrow stainless steel capillary into
the electrospray needle. A high voltage of 3 or 4 kV is applied to the tip of the
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Fig. 12 (Right) Model of the last quad (brown), the collimator lenses (purple), the 127°
electrostatic sector (green) and susbtrate (red); (left) energy histogram of ions getting outside of
the quad (blue curve), after the electrostatic sector (green curve) and then on the substrate with
12 V applied voltage (red curve)

capillary. As a consequence, a strong electric field is created and when the solution
emerges from the tip of the electrospray needle, its surface becomes charged, and
the solution is dispersed into a fine spray of highly charged liquid droplets. The
surface’s charge generates Coulomb repulsion forces that disrupt the surface of the
solution, prompting the formation of highly charged liquid droplets. In order to
direct the spray emerging from the end of the capillary tip of the electrospray
needle toward the ionization room, a counter current drying gas is used. This gas,
usually nitrogen, is heated around 60°C. It is used to help to direct the spray and
also to evaporate the solvent present in the solution. So the dispersed droplets
contain solvent molecules and positive and negative analyte molecules. In con-
sequence of the voltage applied on cylindrical electrodes, there are a majority of
negative or positive analyte ions depending on the polarity of this voltage.

In the TSQ700, the ionized molecules enter into a series of three quadrupoles
allowing the selection of ionized molecules with respect to their mass under charge
ratio (m/z). The three quadrupoles are designed to reject the neutral molecules and
X-rays. To not destroy the molecules when landing into the substrate, their energy
should be lower than 5 eV. We have studied the energy of ions flying through a
quadrupole using the software SIMION which allows to calculate electrical fields
and trajectory of ions in those fields. We have shown that the ions getting outside
of a quadrupole have sprayed energy. Around 50% of them have high energy more
than 50 eV, which is incompatible with soft landing. In order to remove these high
energy ions, we have designed an electrostatic sector of 127° with collimator
electrostatic lenses. With this added electrostatic system at the end of the last
quadrupole, the ions energy shows a peak with FWHM of 2 eV, as shown in
Fig. 12. By applying the good voltage on the substrate, the ions energy is
decreased below 5 eV.
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This study allows us to find the dimensions of the different parts. The design
and modifications of the TSQ700 was already done. Actually, the experimental
tests are on the way to characterize the energy of the ions.

5 Conclusion

The experimental measurement of the electronic properties of a single molecule
logic gate on insulating substrate is a world challenge. Ten years of design and
fabrication was necessary to assemble the unique UHV experimental setup which
will allow the realization under UHV of all the electrical interconnection steps
necessary to connect the molecule with the macroscopic world. Meanwhile a lot of
knowledge and know-how on the different techniques used inside this UHV
factory has been acquired, such as static stencil and nanostencil techniques,
non-contact atomic force microscopy (NC-AFM) on molecules and insulating
substrates at the atomic level, energy filtering of ions beam getting out of a
quadrupole, etc....

Nevertheless one scientific bottleneck should be broken through in the future:
It is first, the growth and the characterization at the atomic level of AIN(0001)
insulating surfaces, and second the growth of flat metallic nanopads on this surface
and their electrical characterization by the mean of different technique such as
Kelvin probe force microscopy (KPFM). Once this study is done, the knowledge of
all the scientific and technologic blocks will allow us to realize the single molecule
device in a planar configuration.
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Challenges and Advances
in Instrumentation of UHV LT
Multi-Probe SPM System

Zhouhang Wang

Abstract The progress of nanoscience and nanotechnology can be realized only
through continued advances and utilization of instruments and techniques for
characterizing material properties and manipulating material and device at nano-
scale. The UHV LT Multi-Probe SPM system with high resolution SEM has been
developed to meet such challenges. This integrated instrument bridges dimensions
from the centimeter to atomic scale, and provides an unprecedented platform for
local, non-destructive transport measurements and for building, manipulating and
function-testing complex nanoelectronics and nanoscale machineries. It also
enables combining many different techniques for characterizing sample conduc-
tance, topography, chemical, optical or magnetic properties with complementary
information at the same position or on the same nanodevice. Design and devel-
opment of such complex systems pose many issues and challenges. This chapter
will discuss some of the issues faced, solutions reached and advances made.
Examples include: (1) Disturbance by magnetic material and magnetic field of
SEM imaging and coordination of SEM/SPM position, and their influence on and
disturbance of SAM spectra and SAM mapping. The design and use of non-
magnetic motors for multi-probe modules will be presented and discussed. (2) Tip
holder and sample holder design for easy handling, better mechanical stability over
the temperature range and better thermal contact and the versatility of the sample
holder with multiple contacts. (3) Use of optical fiber as one of the probe modules,
and positioning of the fiber probe. CL spectra and CL mapping results will be
presented.
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1 Challenges

RHK has been fortunate to work with LT Multi-Probe STM system from its early
stage; we worked with our customers and industry partners to overcome many
issues. These challenges are the ones every system manufacture and users have to
face. These include the following:

High resolution SEM is the most important part of such instrument; it is used to
locate the feature on the sample and to position the probes. But if the positioning
motors are magnetic, there will be difficulties in positioning, namely image
shifting. The same magnetic field will also influence the operation of the SAM.

For atomic resolution imaging in SPM mode, we need high mechanical sta-
bility, especially for the exchangeable components, such as probe holder and
sample holder. We also need to ensure good thermal contact of the exchangeable
holders to ensure low temperature at sample and tip.

For study electro-optical property of the sample, since we have electron source
from both SEM and STM, we introduced Cathode Luminescence.

A four probe transport measurement using STM probes is basically a DC
measurement, see Fig. 1. For testing today’s nanodevices and nanoelectronics, we
need high frequency signal to each of the probes so we have to introduce high
frequency signal channeled to all four probes.

And we also see a future for a seamlessly integrated instrument, from centi-
meter scale to atomic scale, which certainly calls for a unified controller from
Optical imaging to SEM imaging to SPM imaging.

In the following, we will present each of the challenges and RHK’s solutions
and advances.

2 Effects of Magnets and Magnetic Materials
2.1 ORNL System

The first Multi-Probe SPM system RHK constructed is the UHV LT 4 Probe STM/
SEM/SAM system in CNMS at Oak Ridge National Lab [1], see Fig. 2. It is a
system with low temperature (LT, below 10 K) operation, with high resolution
SEM, high resolution SAM, and has four independent STMs, each capable of
atomic resolution imaging and stable STS at low temperature.

Figure 3a shows atomic resolution STM image on HOPG at 300 K. Figure 3b
shows STM image of Ag/Si(111)-(/3 x /3) at 84 K and Fig. 3c shows STM
image of Gd/Si(100)-(2 x 7) at 8 K. The images (b and c) are showing atomic
structures at low temperature with LN and LHe cooling, respectively.

Figure 4 shows high resolution SEM image of gold particles on carbon. This is
a standard sample for high resolution SEM test. The resolution showing as the
rising edge of a gold particle is 12 nm as illustrated.
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Probe 2

Fig. 1 Probe positioning and four probe transport measurement on CNT. Image courtesy of An-
Ping Li and Tae-Hwan Kim of CNMS, Oak Ridge National Laboratory

4-Probe STM SAM Analyzer

MBE Chamber

! Sample
&1, " Loadlock

Cryostat
MBE Source

Fig. 2 UHV LT 4 Probe STM/SEM/SAM System at CNMS, Oak Ridge National Laboratory.
RHK Technology, Inc.

With high resolution SEM column and energy analyzer, high resolution
Scanning Auger Microscope and Auger Spectroscopy can be performed. Figure 5

shows SEM image and SAM image/mapping of two adjacent Ag islands on Si
(100) taken simultaneously.
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Fig. 3 a STM image on HOPG at 300 K; b STM image of Ag/Si(111)-(\/3 x /3) at 84 K;
¢ STM image of Gd/Si(100)-(2 x 7) at 8 K. (a) and (b): Image courtesy of An-Ping Li and Tae-
Hwan Kim of CNMS, Oak Ridge National Laboratory; (c): adopted from Kim et al. [2]
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Fig. 4 SEM image of gold particles on carbon. Image adopted from Kim et al. [1]

Fig. 5 SAM mapping of Ag island on Si(100) with related SEM image taken simultaneously.
Image Adopted from Kim et al. [1]

The instrument is capable of four probe transport measurement as shown in
Fig. 6. The tips are positioned with SEM to be in contact with the fiber in various
positions along the fiber. Once the tips are positioned and in contact with the fiber,
the connections to the tips are switched to a Keithley constant current source and
voltage meter for four probe transport measurement. A constant current is applied
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Fig. 6 Four Probe transport
measurements. Image
Adopted from Kim et al. [1]

Fig. 7 Carbon nanotube 1.0
transistor test. Image adopted Source Drain
from Kim et al. [1] :
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through the two tips positioned far apart along the fiber, and the voltage between
the two tips is measured.

Similar tip positioning and measurement can be done as Nanodevice test, such
as for this carbon nanotube transistor in Fig. 7. One tip is in touch with the Si base
for applying Gate voltage. Two tips touch two places on the carbon nanotube as
Source and Drain. Source-Drain current is measured versus Source-Drain voltage
while using Gate voltage as a control. As shown in Fig. 7, the Source-Drain
current depends on Gate voltage.

The four probe instrument can also work for Nonomanipulation & Nanoma-
chining since the four (4) STM probes are independently operational and posi-
tionable, so operations such as pushing/bending, slicing, burning and cutting of
objects such as carbon nanofiber can be performed.
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Fig. 8 Piezo motor made
with magnets and magnetic
materials. Image adopted
from Kim et al. [1]
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2.2 Magnets and Magnetic Materials on Piezo Motors

Many successful piezo motor designs, which are used for UHV and UHV LT SPM
system, use magnets and magnetic materials for construction of the motor (see
Fig. 8). The magnetic force between the magnets, which is on the base or on the
piezo stacks, and the moving carrier, which is made of magnetic materials, holds
the moving parts in position. The advantage of using magnetic force is obvious.
The motor is easy to manufacture and assemble. There is no need of force
adjustment and there is no change in the holding force with the change of tem-
perature so there will be no dramatic change of motor performance when operating
at low temperatures. The disadvantages are strong magnetic field and low reso-
nance frequency due to heavy magnetic materials.

2.3 Influence of Magnetic Field on SEM Image

The magnetic field will influence on the electrons in travel. When moving a
magnet or moving magnetic material, the magnetic field will change and the
electron beam will be shifted. For SEM imaging, this will image frame shift.

InFig. 9, when probe 2 (the probe at up-left corner) is lifted (in + Z direction) from
near the sample surface to far away (about 2.5 to 3 mm), the image frame shifted
about 56 pum in X direction and 22 pm in Y direction, which is very significant.

In Fig. 10, probe 2 is moving in the +Y direction, from close to the image
center to far away (about 3 mm), the SEM image frame shifted about —6 pm in X
direction and —40 pm in Y direction. These are the motions of Z motor and Y
motor of Probe 2. Z motor is closer to the e-beam in the center with its relative
height. The Y motor is the motor at the bottom of the motor stack so it is further
away from the e-beam.

When moving sample stage X motor in +X direction for 500 um, the image
frame shifted in —Y direction for 114 um (see Fig. 11). Similarly, when moving
sample stage Y motor in +Y direction for 1029 um in SEM image, the image
frame shifted in —X direction for 143 pm. The sample stage motors are much
closer to the e-beam than the motors of a Probe module so they have bigger
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Fig. 9 SEM image shift
when Probe 2 moves far away
in +Z direction. Image frame
shift: X: 56 um; Y: 22 pm.
Image courtesy of An-Ping Li
and Shengyong Qin of
CNMS, Oak Ridge National
Laboratory

Fig. 10 SEM image shift
when moving Probe 2 in +Y
direction. Image frame shift:
X: 6 pm; Y: —40 pm. Image
courtesy of An-Ping Li and
Shengyong Qin of CNMS,
Oak Ridge National
Laboratory

influences. Also, because they moved the sample, so the total motion is a com-
bination of the real motor motion and the motion caused by e-beam shift. And as
showing in the image, there is an XY motion coupling. The motion coupling
cannot be explained by the misorientation between the sample stage XY direction
and the SEM scanning XY direction. If that is the case, the cross movement angle
should be the same, but it is not in the above case (12.9° when move in +X
direction versus 7.8 degree when move in +Y direction).

2.4 Influence of Magnetic Material on SEM Image

Motion of any magnetic material in the vicinity of the e-beam in magnetic field
generated from those magnets on the motors will also cause the shift of the
e-beam, therefore the shift of the SEM imaging frame.
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Fig. 12 SEM image shift when moving magnetic material

As shown in Fig. 12, a tip holder with a Stainless Steel 0—80 size screw, which
is slightly magnetic, is placed on the end of transfer arm and moved to the center to
point at the center of the sample (showing as a 200 pm diameter hole as an
entrance of a Faraday Cup). In this case, there is no motor therefore no single
magnet is moved. Moving the tip holder away from the sample center by 0.5 mm
in +X or —X direction will cause the SEM image to shift dozens of micrometers.
The scale bar in the SEM image is 50 pm, which gives a sense of scale.
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Fig. 13 Chasing moving object in SEM image. a Image courtesy of An-Ping Li and Shengyong
Qin of CNMS, Oak Ridge National Laboratory

Analyzer

Auger
electron

Fig. 14 Influence of magnetic field on SAM image

The above demonstrated situations are like a donkey and a carrot, which is
hanging over the donkey’s head. When the STM probe is moving to an object
(e.g. a nanowire) in the guidance of SEM image, the object is moving as well
(in the SEM image), so the donkey may never reach the carrot, or at least have
some difficulty, which is in the case of STM probe, see Fig. 13.

2.5 Influence of Magnetic Field on SAM Image

In the case of Scanning Auger Microscope and Auger Spectroscope, the situation
also exists.

As show in Fig. 14, the Auger electrons collected is not from the area in the
center of the image where determined by the acceptance angle of the analyzer, but
from an area away from the center due to the influence of the magnets and
magnetic materials to the low energy Auger electron.

If any motor of a probe module moved, the Auger electron path will be affected.
The Auger electrons collected by the analyzer could be changed to be from a
different area. See Fig. 15. That is because if a magnet is moved, the magnetic
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Fig. 15 Influence of magnetic field on SAM image due to motion of magnetic motors

field around the area will be changed so the collectable electrons are from a
different area now.

3 Non-Magnetic Piezo Motors

Based on above experience and the issues we saw, we think it is desirable to design
and build piezo motors which DOES NOT use any magnets and magnetic materials,
and which are only mechanically held together with high resonance frequency.

We list the following criteria’s for the design of the new motor for multi-probe
SPM system:

(1) Use only non-magnetic materials.

(2) Use light material as main components for high resonance frequency.

(3) Working from 4 to 300 K while keeping the rigidity.

(4) XYZ motors stackable, without degrading too much of their rigidity and
resonance frequency.

The most successful UHV LT, non-magnetic piezo motor design is the Pan Motor
[3]. Most Pan style STM scan head only use the Pan Motor as Z coarse motion
without XY coarse motion. For the SPM scan head using Pan Motor and also has
XY coarse motion, the XY coarse motion is realized with a symmetric, compact,
non-stacked XY motor on the sample side to move the sample holder. The motion
of XY is not decoupled. The successful configuration is a symmetric setup with
non-stacked motors, see Fig. 16.

Stack XYZ motor on each other and using them in a non-symmetric setup such
as a four probe SPM for an all mechanical motor assemble is a challenge, see
Fig. 17. The non-symmetric loading and the weight of the motor(s) on top of the
motor(s) below will dramatically reduce the resonance frequency and causing
instability of lower motor(s). In four probe SPM setup, the probe holder is can-
tilevered out to reach the sample at the center; this will reduce the resonance
frequency and causing instability of all the motors. For LT four probe system with
all mechanical motors which use mechanical spring force to hold moving parts,
when the temperature changes the structure will change due to thermal contrac-
tion/expansion, so the spring force will change, which will change the motors
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Fig. 16 SPM scan head
constructed with one Pan
Motor and one non-stacked
XY motor. RHK Technology,
Inc.

Fig. 17 SPM scan head
constructed with stacked
XYZ motors

driving behavior. So it is necessary to balance the spring force to cover the whole
temperature range within available driving voltage, while keeping high resonance
frequency and rigidity of the XYZ motor assemble.

RHK Technology took such a challenge, designed and built nonmagnetic, all
mechanical piezo motors for multi-probe system.

As shown in Fig. 18, each probe module has XYZ motors stacked as a probing
unit for probe positioning. The XY motors are used for probe coarse and fine
positioning. They can also be used for probe XY scanning.
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Fig. 18 Multi-Probe SPM
system using nonmagnetic,
all mechanical motors

The sample stage has XY motors stacked to provide sample motion and coarse
and fine positioning. They can also be used for sample XY scanning.

The mechanical and thermal stability of the motor design and the multi-probe
setup has been tested/verified and demonstrated by STM atomic resolution
imaging on Si(111) and HOPG in UHV at RT and 80 K (with LN cooling which
will be more noisy due to bubbling of LN) of all probes, see Fig. 19. In Fig. 19, the
particular multi-probe system used in the test has two STM probes and an optical
fiber probe (see below). For simplicity and consistence with a full four probe
system, we still named the STM probes as Probe 2 and Probe 4 according to their
relative positions in a full four probe system setup. The optical fiber probe
therefore is named probe 1.

4 Cathode Luminescence

The new non-magnetic motor design leads to RHK’s second generation UHV LT
Multi-Probe SPM system, which uses those non-magnetic motors and achieves
STM atomic resolution imaging on all probes. Besides high resolution SEM and
STM, we introduced another complimentary technique for study Electro-optical
properties of the sample, the Cathode Luminescence (CL). Since we have the e-
beam from SEM and/or STM, CL is a nature extension for the system. What we
need is effective and efficient light collection.

A light collection mirror/lens system, such as the ones used in a conventional
SEM system for CL light collection, is not feasible for such LT multi-probe UHV
system since the LT system have double thermal shields. Introducing a big mirror/
lens system with mechanical XYZ positioning will be too much thermal distur-
bance to the sample and probes. The space inside the thermal shields and the STM
probes and STM operation also does not allow a mirror/lens system. We
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Fig. 19 STM atomic resolution images of Multi-Probe STM system. a on HOPG in UHV at RT
with Probe 2; b on HOPG in UHV at RT with Probe 4; ¢ on Si(111) in UHV at 80 K with Probe
2;d on Si(111) in UHV at RT with Probe 4. ¢: Image courtesy of Junyong Kang and Kongyi Li of
Department of Physics, Xiamen University, China

introduced optical fiber as a probe which is independently positionable just like a
STM probe. With high precision monochromator and photon counting, the fiber
probe can effectively and efficiently collect CL signal for CL spectra and CL
mapping.

We constructed this system for Xiamen University in China with two STM
probes and one optical fiber probe (see Fig. 20). This system uses high resolution
electron beam as electron source for cathode luminescence. The high resolution
SEM is capable of 10 nm SEM resolution at a working distance of 20 mm, see
Fig. 21. This long working distance is due to the LT multi-probe SPM stage with
double thermal shields.

We introduced a Multi-Mode optical fiber (see up-left insert in Fig. 22) into the
UHV chamber using UHV fiber feedthrough. The optical fiber is 200 pm in
diameter and used as a probe module for light collection. The fiber is mounted on
one XYZ piezo motor probe stage (see lower-left insert in Fig. 22) just like a STM
probe module. The motor stage is used for XYZ positioning of the fiber under
CCD and SEM guidance. The final positioning of the fiber is done by adjusting the
position of the fiber while monitoring and optimizing the CL signal to reach
maximum signal on a peak of the CL spectra when the e-beam is at a fix spot.
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Fig. 20 UHV LT Multi-
Probe STM/SEM/CL System
at Department of Physics,
Xiamen University, China.
RHK Technology, Inc.

Fig. 21 High resolution
SEM image of Au particles
on carbon

Fig. 22 Optical fiber and
fiber probe module with XYZ
positioning
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Fig. 23 Cathode luminescence using STM (a) or SEM (b) as e-Beam source

Fig. 24 CL spectrum of ZnO
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CL point spectrum and CL surface mapping could work with either the SEM e-
beam or e-beam from STM as electron source, see Fig. 23. Using STM will
theoretically reach higher spatial resolution on CL mapping but usually the CL
signal will be weak so S/N ratio will be low, and STM will only work on
somewhat conductive samples.

The light collected by the fiber probe is coupled into a precision Monochro-
mator for wavelength selection and for CL spectrum. Photon counting with chilled
PMT is used for the weak CL signal detection.

Figure 24 is an example of CL spectrum on a customer ZnO nanowire array
sample. The insertion shows the optimization of the fiber probe positioning. The
spectrum was taken at 80 K which shows the low temperature operation capability
of the instrument for CL measurement. With a relatively low electron current
(700 pA), the collected CL signal is relatively strong and the signal to noise ratio is
pretty good. This spectrum demonstrates how well it works using an optical fiber
for CL signal collection.

Figure 25 is an example of CL mapping. If we fix the wave number at one of
the peak of the CL spectrum (385 nm), while we scan the electron beam, we will
get SEM image and corresponding CL image simultaneously. Figure 25 shows the
SEM image and related CL image at 385 nm taken together. The CL image shows
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Fig. 25 SEM image and CL mapping image of ZnO nanowire array taken simultaneously. E-
beam energy: 25 kV; E-beam current: 700 pA; Image magnification: 30,000X; Field of view:
8.57 um; Wavelength 385 nm; Photon counting integration time is 10 ms. Image courtesy of
Junyong Kang and Kongyi Li of Department of Physics, Xiamen University, China

different contrast and pattern than the SEM image. The CL image only shows the
structure and nanowires which are CL active.

The same optical fiber can also be used in a reverse way for light illumination,
introducing light into the tip/sample surface area for CCD camera observation or
for tip and sample surface light excitation. In Fig. 26, the optical fiber is positioned
to shine external light right at the tip/sample junction of Probe 2. This introduced
light can be used for localized illumination without much scattered light so
the contrast of the optical image from the CCD camera will show more details.
Or the introduced light can be wavelength selected for tip and/or sample surface
excitation, such as light assisted tunneling or Tip Enhanced Raman Spectroscopy
(TERS).

5 Probe Holder and Sample Holder Design

One of the challenges for LT UHV multi-probe SPM system is the tip holder and
sample holder design and mounting mechanism. The design has the following
requirements.

(1) Exchangeable in UHV at LT.

(2) Do not need very accurate alignment with the exchange tool used.

(3) Good thermal contact with probe or sample stages.

(4) Good mechanical stability.

(5) Mechanical and thermal contact does not change with temperature.

(6) Multiple electronic contacts for multiple signal access.

(7) No excessive force to probe or sample stage and motor stack during probe and
sample exchange.

(8) Have small opening and intrusion to double thermal shields.

(9) Have less thermal disturbance to the cold stage and other cold components.
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Introduced Light

Light Illumination

Fig. 26 Light illumination and/or excitation with the positionable optical fiber

Fig. 27 Probe holder
mounting mechanism with
simple linear and rotation
motion

RHK has this tip holder and sample holder design, with mounting and handling
mechanism, which uses single, simple and same transfer arm operation across the
whole system, with only linear and rotational motion, see Fig. 27. The mounting/
driving pin on the tip/sample holder has threads like a screw with tamped leading
front. The hole on the tip/sample stage is a mating tapped hole with large opening.
So it does not need very precise alignment between the tip/sample holder and the
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Fig. 28 Probe holder
mounted with large surface
contact

Multiple
Electronic
Contacts

Large Surface and Tight Thermal
and Mechanical Contact

Fig. 29 Probe holder
mounted with strong lock
spring

Strong Lock Spring for Tight Contact
Across Temperature Range

tip/sample stage. There is no linear friction resistance like a spring force to
overcome. With easy rotational operation using the magnetically coupled transfer
arm, it is easy to tighten the pin to make good surface to surface contact, see
Fig. 28. The screw operation does not need much force to tighten but will generate
large force so strong spring washer with large spring force can be used to make
good and secure spring loaded contact, see Fig. 29.

The large, spring loaded contact surface means good thermal contact with probe
or sample stage for cooling the tip and sample holder during LT operation to
ensure the tip and sample reach low temperature fast and stable. This also ensures
good mechanical stability for SPM and SEM operation.

The mechanical and thermal contact does not get loose with the change of
temperature due to the large spring force loading which secure the contact firmly.

The simple operation can easily be done in UHV at LT since there is no linear
friction force to overcome which may change with temperature.

There is no excessive force to probe or sample stage and motor stack during
probe and sample exchange since only a small force is applied to tighten the screw/
pin. Furthermore, force breaker/limiter can be placed on transfer arm linkage to the
chuck to limit the force which could be applied.
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Fig. 30 Small opening on
double thermal shields

For both tip and sample holder, there are multiple electronic contacts for
multiple signal access and SPM scanning and other versatile use. Those contacts
are all spring loaded pins and they go directly against the screw tightening. The
large tightening force of the screw will easily overcome those spring loaded
contactors to make good and secure spring loaded electronic contacts.

This tip and sample holder design and transfer mechanism also ensures small
opening and small intrusion to the double thermal shields. And have less thermal
disturbance to the cold probe and sample stage and other cold components.

The openings on the thermal shields just need to be big enough for the size of
the tip and sample holder, see Fig. 30.

This is like a Laparoscopic surgery, with minimum intrusion, in comparison to
“open heart” surgery, which may use a wobble stick to open the shields and
making the operation in multiple dimension motions.

6 Versatile Sample Holder

The sample holder uses exactly same handling and mounting mechanism as the tip
holder.

Besides good thermal and stable mechanical contact with the sample stage,
there are multiple electronic contacts for multiple signal access and other versatile
use, see Fig. 31.

There are two large contacts capable of high current for heating filament or
direct current heating of the sample.

There are contacts for temperature measuring on sample holder; this is a direct
measurement of sample temperature.

There are also contacts for bias or other electronic connections, which will be
useful when the sample gets to the nanodevice and nanoelectronics level when
multiple electronic connections to the sample are desirable.

There is an integrated filament for radiative and/or e-beam heating.
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Fig. 31 Versatile sample Stronglock springloaded
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Fig. 32 RHK “Walker” type
SPM sample holder with six
contacts

The size of the sample holder will allow other structures and devices to be
mounted on sample holder for different purposes and measurements.

This sample holder follows the same concept as the RHK standard “walker”
type SPM sample holder, with multiple contacts and built-in filament and tem-
perature sensing, see Fig. 32.

Figure 33 shows some examples of various configurations of the versatile
sample holder.

The standard sample holder has built-in tungsten filament for radiative and/or e-
beam heating of the sample. Without the filament, the sample holder can be used
for room temperature and low temperature operation.

For direct current heating of a sample, the tungsten filament and its holding
ceramics are removed and the sample is in direct contact with the two high current
carry contacts so the applied current will go through the sample. For STM oper-
ation, the sample bias will also be applied through one of the current carry contacts
in this situation.

For sample fracture/cleaving, the sample is mounted on the sample holder
mechanically (clamped) or glued. With or without prescribed line at desired
cleaving position, the up part of the sample is pushed over by end of transfer arm
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Fig. 33 Versatile sample holders with various configurations

or a special wobble stick in the cleaving station which is usually in the sample
storage area in UHV. The sample is then transferred to the multi-probe sample
stage under UHV.

If a piezo plate is glued or clamped on the sample holder, it can apply pressure/
stress to sample which is glued or clamped on the sample holder. The sample can
be a fracture/cleaving sample or a non-cleaving sample. The additional electronic
contacts on the sample holder can be used for activating the piezo plate. The
pressure/stress generated by the piezo plate can be applied to the sample during
SPM or SEM imaging.

Figure 34 shows the example of using a cleaving sample holder. The Srz3Ru,0,
sample is mounted on the cleaving sample holder and introduced into the UHV
system through load lock. After the sample cleaving under UHV to obtain a clean
surface insider the storage chamber, the sample holder was transferred into the
SPM chamber on the sample stage. STM imaging is performed, the topography
image and a scan line of a step on the surface is shown.

An example of using sample holder which can apply pressure/stress to the
sample is illustrated in Fig. 35. The Sr3(Ru;_xMny),0; single crystal sample
with x = 0 and 0.2 is mounted in the sample holder which has the piezo plate to
apply the pressure/stress to the sample. The sample was cleaved under UHV and
transferred to STM/SEM sample stage. At temperature of 81 K, SEM image
reveals contrast between different domains on the surface, due to charging in
the insulating domains, which shows as bright area in compare to metallic
domains. When pressure/stress is applied across the sample, the domain pattern
in the SEM image change with time, which showing a domain evolution under
pressure/stress.
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Fig. 34 STM image of cleaved Sr;Ru,0; sample. a and ¢: Image adopted from Kim et al. [4]
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Fig. 36 RF compatible tip Piezo Shielg
holder for high frequency
signal

DRF Connector

7 RF Compatible Tip Holder for High Frequency Signal

Four probe transport measurement using four STM tips with normal STM tun-
neling current wiring is basically a DC measurement. Today’s electronics and
electronic components are all running at very high frequency. For real-life test of
nanodevices and nanoelectronics at high frequency, High Frequency RF signal has
to be channeled to all four probes.

RHK is making high frequency compatible STM probe holder for next four
probe STM/SEM system. The system under construction will have high frequency
channeled to all four probes and will be capable doing high frequency testing on
Nanodevices and nanoelectronic components.

Starting from high frequency UHV Feedthrough, semi-rigid high frequency
coax cable is used for connection inside UHV chamber. The semi-rigid cable is
thermally anchored to heat exchange plate to be precooled during low temperature
operation. The coax connection is terminated with a UHV compatible RF con-
nector on probe holder stage of each probe station/module. There is a mating RF
connector on each probe holder to make high frequency connection when the
probe holder is mounted on the probe holder stage, see Fig. 36. There is a short
coax connection on each probe holder to STM tip or RF probe to deliver or
measure RF signal. This mating RF connector pair allows the probe holder to be
exchangeable in UHV and ensures a true RF connection for high frequency signal.
The tunneling current of STM operation and high frequency signal for high fre-
quency transport measurement or nanodevice test are using the same high fre-
quency signal path.

The mating RF connectors need good position alignment and large force for
insertion to make secure RF connection. The design and structure of the RHK
multi-probe system’s probe holder and the way how it is mounted is perfect for this



Fig. 37 Seamless imaging from centimeter scale to atomic scale. a Image courtesy of An-Ping
Li and Tae-Hwan Kim of CNMS, Oak Ridge National Laboratory. b Image Adopted from Kim
et al. [2]

requirement. The leading edge of the locking pin (mounting screw) will first
engage to guide the alignment of the mating RF connectors and the screw oper-
ation of the locking pin will provide the needed large force to insert the RF
connector.

8 Seamless Integration with Unified Controller

We are seeing a future of a seamlessly integrated LT Multi-Probe SPM/SEM
instrument, from centimeter scale to atomic scale. This seamlessly integrated
instrument certainly calls for a unified controller from optical imaging to SEM
imaging to SPM imaging, see Fig. 37.

In the seamless integration, every piezo motor of the multi-probe SPM system
have calibrated position sensor. There is a unified controller for controlling SPM,
SEM and optical microscope and all the position sensors with one integrated user
interface. Optical (CCD camera) image scale is calibrated. The SEM image is
calibrated. The SPM image is calibrated. The calibrations and all positions are
indexed and interconnected so interested feature can be chosen from optical image,
SEM image or SPM image.

In this case, one can click and zoom in an optical image to the next level with
SEM image and zoom into a SEM image to directly start taking SPM image on
interested feature, just like one will do within each individual imaging techniques
along. Such seamlessly integrated system has been realized these days with some
integrated XPS system and large scale ambient SPM systems.
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Fig. 38 RHK’s QuadraProbe
controller QusdraProbe
|

For this seamless integration to work, if we recall from early sections of this
chapter, we cannot have magnets or magnetic materials for construction of any
piezo motors or any moving parts on the multi-probe stage. If the SEM image
shifts uncontrollable and unquantified, we will lose this coordination since the
SEM image is the interconnecting bridge for all those coordination from centi-
meter scale to atomic scale.

The first step for such seamless integration is a unified multi-probe STM
controller for uniformly controlling of all the probes and sample stage with single
user interface. RHK Technology was a pioneer in the field of unified multi-probe
system controller. At a very early stage of multi-probe system, RHK build this
QuadraProbe SPM Controller (see Fig. 38) for ORNL’s UHV LT 4 Probe STM/
SEM/SAM System which RHK delivered in 2006.

This integrated four probe SPM controller is all digital; it has four fully digital
SPM feedbacks for controlling the four STM probes independently. It also controls
the sample stage for scanning besides probe scanning. The controller uses single
computer, with single user interface. It displays the four probe STM modules and
the sample stage as they are in their physical relative positions. The XYZ coor-
dination of all four STM modules and the sample stage are all coordinated/aligned,
as well as with the XY coordination of the SEM scanning and the CCD camera
image. This gives the operator of the system a direct visualization of the four STM
modules and the sample stage in their relative physical positions when move each
of them in different directions, see Fig. 39. This also gives the relative directional
coordination between optical image, SEM image and STM image. The controller
has the SW control of the four independent preamplifiers for gain and bandwidth.
And it also controls the switch box between STM operation and transport mea-
surement, which route the connection of all four probes to external transport
measurement equipments.

RHK is developing a next generation unified multi-probe system controller, the
new R9 Multi-Probe SPM/SEM System Controller, see Fig. 40. The new con-
troller is fully digital. It is ultra integrated for multiple SPM control as well as
SEM and other related instrument control. The new controller has ultra low noise
on analog output, with high speed DAC. It uses ultra high speed ADC with a
sampling rate of 100 MS per second, which will be well suited for SEM operation.
The controller has multiple I/O for other input, output and control, such as position
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Fig. 40 RHK’s R9 Multi-Probe SPM/SEM system controller

sensors on each motor. The controller is completely software or user configurable,
featuring IHDL, the “Iconic Hardware Description Language”, which Drag-and-
Drop icons for hardware, firmware and experimental procedures configuration. So
users can configure or modify the controller according to their experimental needs.
This could make the controller a purposely built controller tailored for different
experiment and research without actually changing the hardware. The new con-
troller uses single computer with single user interface. The new controller follows
the continued development of RHK’s QuadraProbe controller and it will have all
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the multi-probe functions RHK developed with QuadraProbe controller as we
discussed above.
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On the Road to Multi-Probe
Non-Contact AFM

T. Vancura, S. Schmitt, V. Friedli, S. Torbriigge and O. Schaff

Abstract This contribution highlights some important aspects that have to be
considered when building a multi-probe non-contact AFM. Specifically the
requirements on the control system for such applications are considered.

Keywords Multi-probe microscopy - Multi-probe control system - Non-contact
AFM - SPECS - Nanonis - Length extension resonator - LER - KolibriSensor -
LabVIEW - SPM control system - Programming interface

1 Introduction

The possibility of probing a sub-micrometer small area of a sample with multiple
probes simultaneously has become a very promising field of research in the
past years. The main challenges in building a multi-probe microscope lie in
the following fields:

e Scan Head: the size constraints that have to be met in order to get multiple tips
into close proximity of each other are substantial, especially if atomic resolution
should be achieved with each tip.

® Probe: the first instruments using multiple tips relied on the tunneling current
for feedback. In order to do more involved experiments new sensors capable of
doing non-contact AFM will be required to open the road to new experiments.

e Control System: once the difficulties of the mechanics have been overcome the
control system operating the tips and sample should be aware of the multiple
probes, rather than working as multiple copies of a single probe system.
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Fig. 1 Atomic steps
measured in non-contact
AFM in frequency-
modulation mode with
Akiyama sensor

e Visual Observation: a short working distance of a few millimeter between the
SEM or optical microscope head and the sample and probes is very important in
order to have a good understanding of the mutual positions of tips and sample.

Today most commercial suppliers of multi-probe systems focus on scan head
and sometimes probe when building a multi-probe SPM. Typically only a minor
focus is put on the control system running the system. In this contribution we will
focus on control system and probe and shine some light onto why it is essential to
think of the control system just as much as on the hardware it operates.

2 Piezoelectric Force Sensors

Piezoelectric force sensors are very promising in the field of multi-probe
microscopy. Piezoelectric sensors like the Akiyama probe [1], tuning fork sensors
2], QplusTM sensor [3] or SPECS’ KolibriSensor™ [4] will most likely be the first
candidates to achieve atomic resolution in non-contact AFM mode on multiple
tips.

Due to the fully electrical detection and control of these sensors there is no
need for any optical beam/detector alignment. This enables the design of very
compact multi-probe systems with STM and NC-AFM functionality. SPECS’ new
Curlew™ scan head is an extendable platform for building up a multi-probe
microscope with up to four tips working on the same sample. The head fully
supports piezoelectric force sensors like the Akiyama probe as well as the
KolibriSensor™ for combined STM and NC-AFM operation. We have recently
resolved atomic steps in air and UHV with an Akiyama probe by frequency-
modulation AFM (FM-AFM) (see Fig. 1).

The KolibriSensor™ has been used to achieve atomic resolution FM-AFM
imaging on various samples [4]. Beyond this particularly the measurement of
surface potentials via Kelvin Probe force microscopy is of interest in multi-probe
systems (see Fig. 3). To study the capabilities of the KolibriSensor™™ in multiple
imaging modes a heterogeneous sample system was chosen: graphene grown on
Ru(0001) [5]. To further elucidate the properties of this fascinating material,
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Fig. 2 Topographic (Z) NC-AFM images of single layer graphene on Ru(0001) at room
temperature. The graphene monolayer shows the characteristic buckling resulting in a hexagonal
reconstruction as shown in detail in the right image. By varying the growth conditions the total
coverage and shape of the graphene islands can be tuned ranging from partial coverage (left) to
full monolayer coverage (center)

Graphene

50 nm Uch 50 nmih& & UCPD

Fig. 3 FM-KPFM image of graphene islands on Ru(0001). Left: topographic image (Z), Center:
simultaneously recorded image of contact potential difference (UCPD). Right: superposition of
topography and contact potential difference. Bright areas in the contact potential map UCPD
correspond to the metal substrate

complementary studies of the electronic and geometrical structure of single layer
graphene on Ru(0001) (g/Ru) using STM, non-contact atomic force microscopy
(NC-AFM) (see Fig. 2), and frequency-modulation Kelvin probe force microscopy
(FM-KPFM) (see Fig. 3) were applied. These experiments were carried out with a
commercial SPM 150 Aarhus equipped with the piezoelectric KolibriSensor [4] in
ultra-high vacuum.

3 Multi-Probe Control System

The control system used to operate any multi-probe setup, be it in STM or in
NC-AFM mode, is crucial to the experiment. As multi-probe scanning is still a
relatively young field with very few research groups working on it there is not yet
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Fig. 4 Model of the
programming interface.

The control system can call
and be called by user-defined
LabView routines

any established method how multiple tips should work together, and how they
should be controlled and operated. Adding to this the multitude of mechanical
setups (individual tips scanning, sample scanning, individual tips on separate bias,
bias over the sample, ...), it becomes obvious that so far not one single approach
will fit everybody’s needs. Therefore, SPECS has chosen to make its multi-probe
control system as flexible as possible.

Adding multi-probe functionality to a control system will induce a wealth
of difficult design decisions which will ultimately lead to a less flexible system.
For example, adding multi-probe functionality to the seemingly simple spec-
troscopy modules opens questions like How do I select the tip on which to run
the curve, What should happen to the other tips during this time (voltage?
feedback? position?), How do I make sure the user does not accidentally run the
wrong tip?

Therefore, SPECS has opted to use a different approach and give each tip its
own fully operational control system. The approach that makes it different from
other solutions is that the LabVIEW programming interface available for the
Nanonis control system allows the operation, integration, data exchange and to
some extent synchronization of the control systems.

Figures 4 and 5 display the philosophy of the programming interface for the
Nanonis control system. With over 350 individual functions readily available
within LabVIEW™ it is possible to call functions of the Nanonis control system
from individual pieces of LabVIEW™ code just as well as call user-defined
LabVIEW™ code from with the controls system. An example for the former is a
procedure which uses the atom tracking module to adjust the position of the tip on
top of an atom after each spectroscopy experiment. With this it was possible for a
customer to automatically collect spectroscopy data on the same atom over several
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Fig. 5 Over 350 functions are available and integrated into LabVIEW to operate the Nanonis
control system

days. An example for the latter would be to implement a new type of spectroscopy
and call this routine on every point of a grid defined within the control system
environment. There is no limitation to the complexity of the code, it can be
debugged with LabVIEW™"s internal debugger, and integrated with other
external equipment.

The user interface can be designed using standard LabVIEW™ controls and
indicators including graphs, sliders and buttons. Figure 6 shows a code example of
a very simple piece of code running a bias spectroscopy experiment first on Tip 1
and then on Tip 2, while the bias is kept fixed at the other two tips. A list of
examples of user-contributed code can be found here [6].

The diagram in Fig. 7 shows the systematic of a multi-probe setup using the
Nanonis control system. Each control system is operated by a personal computer,
of which one acts as the master control PC, i.e. the cockpit from which the user
operates all other systems remotely. The master control PC is equipped with
multiple screens, typically one for each tip, while the slave PCs do not have a user
interface. If necessary an adaptation kit interfaces each control system with the
electrical connection to the microscope head.
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4 Summary

In conclusion we have shown a possible setup for controlling a multi-probe control
system. The approach is very flexible and does not rely on a pre-defined setup for
scanning unit, probe mechanics or operation mode. The system is flexible enough
to operate most commercially available multi-probe systems as well as home-built
setups.

The results achieved with the KolibriSensor'™ make it a promising candidate
for a multi-probe non-contact AFM microscope.
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Atomically Precise Manufacturing:
The Opportunity, Challenges, and Impact
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and Shi Chen

Abstract Fifty years ago, Richard Feynman famously stated that “I am not
afraid to consider the final question as to whether, ultimately—in the great
future—we can arrange the atoms the way we want” (Feynman, “There’s Plenty
of Room at the Bottom”, speech on December 29th 1959 at the annual meeting
of the American Physical Society at the California Institute of Technology).
Twenty years ago, Don Eigler of IBM, did arrange atoms the way he wanted
(Eigler and Schweizer, Nature 344:524, 1990). We contend that in the very near
future, that arranging atoms the way we want will become a manufacturing
technology. This technology will start small, very small, in making practical and
profitable products, and from there scale-up to a wide range of products and
applications with very large economic and societal impacts. We will explain
some of the details of the path that we are on to achieve Atomically Precise
Manufacturing (APM), some of the challenges we must overcome to succeed,
and the surprising number of applications that we have identified that are waiting
for us to exploit.
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1 Nanotechnology and Atomic Precision Manufacturing

The term nanotechnology [3] was first used by Norio Tanaguchi a Japanese
industrialist who tracked and predicted trends in manufacturing precision from the
early 1900s to the year 2000. His predicted trend lines have proven to be fairly
accurate if somewhat conservative. For instance if his ultra precision manufac-
turing trend is extrapolated beyond the year 2000, it suggests that precision
of 0.3 nm “atomic lattice” would be expected around 2015. In fact, thin film
deposition precision at that level has been available through atomic layer
deposition [4] for more than a decade. There has been a tendency to separate
nanotechnology into two camps, bottom-up and top-down. Bottom-up nanotech-
nology typically takes advantage of some form of “self-assembly” to make large
numbers of nanoscale objects with no direct control of the process imposed other
than the design of the process. Self-assembly is driven by thermodynamics to the
minimum energy configuration of the nanoscale object. Thus a given self-assembly
process will result in a single outcome that is in its minimum energy configuration.
Top-down nanotechnology exerts some control through directed energy (e-beam
lithography) or through a created pattern (photo lithography or nanoimprint) to
allow the same process to create a much wider range of products and ones that are
not in minimum energy configurations. We are interested in developing a manu-
facturing technology that has top-down control and will allow us to use the same
process to make many different size and shape features (that are not required to be
in a minimum energy configuration) with the same process. It is this sort of
manufacturing process that can have a wide impact because the same tool can be
used to make a wide variety of structures.

We are interested in a top-down nano-manufacturing process that has the
additional attribute of atomic precision. We need to be more specific about what
we mean when we refer to “atomic precision”, because we mean something
different than building something with precision in some dimension that is precise
to within plus or minus the size of a single atom. When we refer to an atomically
precise manufacturing process, what we really mean is a process that has zero
tolerance and absolute accuracy in all three dimensions and in placement of the
structure. What we mean is that we want to be in control of where every atom goes
in what we are building. Additionally, for structural stability and robustness, we
seek to create covalently bonded structures.

There are a number of processes both bottom-up and top-down that achieve a
subset of what we are aiming for. Seeman [5] and Rothemund [6] use DNA and
Schafmeister [7] uses custom peptide building blocks to create three and two
dimensional structures that in-principle control where every atom goes, but cannot
control placement of their structures. Eigler [2], Hla [8], Ho [9], and others can
create two dimensional structures of atoms and molecules where there is absolute
control of the position of each atom or molecule. None of these processes can be
considered a manufacturing process. Automated DNA sequencing however, is a
manufacturing process that produces (with some restrictions on length) any DNA
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sequence which is essentially absolute control (at least in terms of relative
position) of atom placement.

2 Our Approach to Atomically Precise Manufacturing

We are attempting to create an APM process that uses the same tool that Eigler
used for his seminal demonstration of atomic precision, the scanning tunneling
microscope (STM). While Eigler used direct manipulation of atoms on a metal
surface with the STM tip, we are using electron stimulated desorption of H atoms
from a Si surface, in a process referred to H depassivation lithography [10, 11].
With a set-point current of several nA and sample bias of 2-5 V, H atoms can be
removed from the surface (depassivated) and allow specific H atoms to be targeted
and removed. This has been done by Lyding [10], Hersam [12], Schofield [13],
Wolkow [14] and others. In other words, a patterning process that is capable of
removing the specific atoms from a specific location is potentially available.
Another part of this process is a version of Atomic Layer Epitaxy (ALE). There are
several Si ALE processes [15, 16] that are essentially cyclic chemical vapor
deposition (CVD) processes that deposit a monolayer, or a well-defined fraction of
a monolayer, per cycle. Several of these use H as the mechanism that self-limits
the deposition. For instance, Si ALE process would start with a clean (depassi-
vated) Si surface, and introduce a precursor molecule that contains Si and H. The
molecule sticks to the clean surface and dissociates depositing both Si and H atoms
on the surface. Once all available surface covalent bonds are satisfied with either
H atoms or Si atoms that are themselves H passivated, then the surface is saturated
and no more deposition takes place because the precursor molecules will not stick
to the passivated surface. The ALE cycle proceeds by using a process to remove all
surface H. This can be simply done by raising the temperature to thermally desorb
the H or use high energy photons to remove the H. Instead of this global removal
of all H from the surface, our process would remove the H atoms in a designed
pattern so that Si atoms could be deposited exactly where we want them. This
process is shown schematically in Fig. 1. While we have not yet fully demon-
strated this process, we have made significant progress in overcoming the chal-
lenges that must be overcome to realize an APM technology. We will discuss the
challenges and some of our progress in the following sections.

2.1 Absolute Precision Patterning

H depassivation lithography with an STM is essentially e-beam lithography using
the limit of a self developing resist: a monolayer of H. We do this lithography on a
Si(100) 2 x 1 reconstructed surface that has been H passivated. In this state, every
surface Si atom has all four of its covalent bonds satisfied, two back bonds to the Si
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Fig. 1 Schematic diagram of the APM process. A H-terminated Si(001) surface is prepared
(Step 1). A pattern is drawn using suitable lithographic conditions (Step 2). Disilane is dosed into
this pattern, to saturation (Step 3). The adsorbed disilane is exposed to a second lithography step,
removing the H, and allowing the Si adatoms to arrange into islands (Step 4). This pattern is again
exposed to disilane (Step 5). Iteration of Steps 4 and 5, gradually build up a block of silicon (Step n)

lattice, one bond to a neighboring surface atom formed during the surface
reconstruction, and one bond to the H atom. The depassivation, or electron
stimulated desorption, of the H atom from the Si surface, is accomplished by
electrons from the tip depositing enough energy to break the Si—H bond. There are
two regimes of H depassivation lithography: a low bias regime 2—-6 V where the
depassivation process is presumed to be a multi-electron process because there is a
current dependence for the depassivation efficiency (atoms removed per incident
electron) and a high bias regime 7-50 V where there is enough energy transferred
from a single electron for depassivation and the depassivation efficiency is higher
than the low bias regime and not current dependant. These two regimes are also
roughly the regimes of electron tunneling (low bias) and field emission (high bias).

The depassivation process is fairly inefficient, even in the high bias regime,
requiring significantly higher doses per unit area than conventional high resolution
e-beam lithography. This inefficiency is particularly acute in the low bias regime
which is required to do atomic precision patterning. This patterning inefficiency
is mitigated somewhat by the extremely large current densities possible with
STM-based e-beam lithography. To do sub 5 nm lithography [17], ultra high
resolution e-beam tools typically are limited to beam currents less than 1 nA.
Lyding’s group has shown that sub 1 nm lithography can be done with currents up
to 60 nA [18]. Further mitigating the poor patterning efficiency of the STM
lithography process at atomic resolution is the variable spot size approach used in
conventional e-beam lithography.

Similar to conventional e-beam lithography, H depassivation lithography can be
operated with variable spot sizes. In this way only the very small features and the
edges of larger features are done with the low bias mode, and the much more
efficient larger spot high bias mode can be used to expose the interior of larger
features. Previously, it was believed that the depassivation efficiency was constant
above 7 V [19], but most STM systems are limited to a 10 V sample bias. We have
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Fig. 2 An STM image of
nine nominally 5 x 5 nm
squares patterned by low bias
H depassivation lithography
using 4 nA, 4 V, and a line
dose of 5 mC/cm
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discovered that there is at least one order of magnitude higher efficiency by raising
the voltage to 40 V where the spot size is on the order of 15 nm. We should be
clear that the patterning speed of STM-based H depassivation lithography is still
much lower than conventional e-beam lithography [17] which is already much too
slow to do direct write of integrated circuits. We are not proposing that this
technology will have any direct impact on integrated circuit manufacturing.

However, we are not interested in manufacturing ICs, and though slower than
conventional e-beam lithography, STM-based H depassivation lithography can do
something that no other lithographic process can do: it can make perfect litho-
graphic patterns. While we have demonstrated the proof of principle of perfect
patterns, significant challenges remain in the path of automated high reliability and
high yield atomic precision patterning. In Fig. 2 we demonstrate the ability to
make very small (5 x 5 nm) patterns with good edge acuity. This was done with
dead reckoning rather than alignment to the crystal lattice, which will improve the
fidelity and placement of the patterns.

2.2 Closed Loop Lithography

There is something else that STM-based H depassivation lithography can do that
e-beam lithography cannot. It can write, inspect, do metrology on its patterning
result and correct a pattern that has unexposed parts. This is something that Michel
Dupont of IBM Zurich calls “Closed Loop Lithography”. There are three reasons
for this powerful combination of capabilities. One, there is a large difference
between imaging and lithography modes. Two, the resist is self developing.
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Ry </,

Fig. 3 At left, a row of H atoms from one side of a single dimer row have been removed,
exposing a line of Si dangling bonds. At right, Gallium has been adsorbed onto the dangling
bonds, creating a metallic nanowire. Images courtesy of T. Hashizume, of Hitachi ARL, Saitama,
Japan

Three, the Si lattice can be used as a global fiducial grid to align the pattern before
exposure and to do metrology afterwards. The manufacturing advantages of
combining these functions into a single tool cannot be overemphasized. This will
be a significant advantage in developing atomically precise manufacturing.

2.3 Digital Lithography

In addition to the possibility of closed loop lithography, H depassivation lithog-
raphy has the opportunity to be the first “digital lithography”. It is digital in
virtually all aspects. The resist is spatially quantized into pixels that are surface
Si atoms. The atoms sit on an addressable grid that is the Si 2 x 1 (100) surface
lattice. The exposure/self-development process is absolutely digital process: the
H atoms are either removed or not. There is no possibility for a partially exposed
pixel. This quantization both spatially and with respect to the exposure/develop-
ment will provide a significant opportunity to do process control for a reliable
automated lithography process. We point out that in addition to our APM tech-
nology, that progress in H depassivation lithography will be very useful in a wide
variety of fields. In Fig. 3, for instance, researches in Japan are using H depassi-
vation lithography to make dangling bond wires and are using the dangling bonds
to get patterned deposition of metals [20].

2.4 Tip Technology

In continuing our analogy of H depassivation lithography with conventional
e-beam lithography, we emphasize the importance of the electron source. Focused
electron beam systems are designed around the capabilities of their source.
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Fig. 4 Transmission Electron Micrographs (TEM) of two W STM tips prepared by
electrochemical etching followed by two different sputter sharpening techniques. On the left
the tip was formed by the Field Directed Sputter Sharpening technique. On the right the tip was
formed in a Focused Ion Beam (FIB) tool. In both cases the apex radius is 2 nm or less and the
tips show no amorphization due to ion damage. Note that both tips have been exposed to
atmosphere for many minutes and show no oxidation. TEMs courtesy of Maia Bischof of UNT.
FIB work courtesy of David Jaeger of UNT

Since the invention of the STM, attempts have been made to improve STM tips,
but these have not made a large impact on STM operation to date. Electro-
chemically etched tungsten tips with poor control of tip radius and Ptlr tips cut
with scissors or pliers are still the two predominant tips used in STMs today. We
believe that this lack of progress in improving tip technology is due primarily to
two factors. One, when imaging an atomically flat surface, the shape of the tip at
the micro or even nanoscale is not very important. Two, the size and shape of a
tip at the apex is frequently changed during normal STM operation.

However, for H depassivation lithography, particularly in the high bias mode
where the tip is a field emitter, the size and shape of a tip does make a significant
difference. We have investigated several methods of preparing more reproducible
and robust STM tips for both imaging and lithography. For instance in Fig. 4 we
show two tungsten tips which have been produced by electrochemical etching
followed by two different methods of sputter sharpening, Field Directed Sputter
Sharpening (FDSS) [21, 22] and Focused Ion Beam (FIB) sharpening. Note that
both are still crystalline in spite of some damage from the ions used in the sput-
tering process and both have a small radius of curvature of 3 nm or less. We can
routinely control the radius of curvature with both processes to be 2-3 nm.

Further, we have discovered that we can preserve these tips to maintain their
size, shape, and surface cleanliness for long periods of time in storage and
transport and exposures to ambient. One precaution is to handle the tips with
precautions to avoid electrostatic discharge (ESD) using the same techniques as
used to handle ESD sensitive CMOS chips [23]. If these precautions are not taken,
the tips suffer ESD events at their apex which results in a small amount of metal
being vaporized and quickly condensing into a low density nanocrystalline “fuzz”
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Fig. 5 TEM of etched W tip
after ESD event has created
nanocrystalline W “fuzz” at
the apex. TEM courtesy of
Maia Bischof of UNT

at the apex such as is shown in Fig. 5. By handling the tips as if they are ESD
sensitive, and storing them in metal containers (as opposed to plastic which is
often the case) we can prevent this type of tip degradation. To prevent oxidation of
the tungsten tips, we assumed that they would need to be prepared in situ and kept
in the ultra high vacuum (UHV) chamber. We have discovered, much to our
surprise, that these extremely sharp W tips can survive long periods of time (days)
in ambient with no oxidation. We do not understand why the tips are not oxidizing.
We have explored leaving the tips grounded or ungrounded, exposed to light or in
the dark, initial venting with O, or N, after sharpening in UHV, and in mild
electrical fields or in no fields. All of these variations seem to have no effect, the
tips simply do not oxidize in ambient for a period of days. Even though we do not
understand this lack of oxidation, we can make use of this situation to prepare tips
outside of the UHV STM chamber, store them in metal containers built for tips
storage where they are pumped out (rough vacuum) and backfilled with N, if we
wish, ship them anywhere in the world.

On the other hand, we have yet to solve the problem that results in frequent tip
changes while the tip is in use in the STM. While there are a number of processes
that can change a tips ability to image well or do lithography consistently, we are
currently considering the feedback loop that monitors the tunneling current and
adjust the tip’s height above the surface to maintain the set-point current selected
by the operator. The majority of STM feedback loops are proportional-integral-
derivative (PID) controllers with the Derivative coefficient set at zero. A large
percentage of the time, the control loop carries out its principle mission, mini-
mizing the set-point current errors, and in doing so, also manages to avoid tip
changing interactions with the surface. The small percentage of the time that tips
do interact with the surface and change their imaging properties are manageable if
one is doing science with the STM and has the time to employ methods to
“process” the tip to regain adequate imaging capabilities. For manufacturing
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purposes however, this is an unacceptable situation. To meet this challenge, we
plan on attempting to develop a feedback loop and scanning method whose pri-
mary function is to avoid tip altering encounters with the surface and whose
secondary function is to provide high quality topographical information about the
surface.

2.5 Atomic Layer Epitaxy of Si

Our goal is to use this H depassivation lithography to determine where Si atoms
will be added epitaxially to a Si surface, and to do so repeatedly with absolute
precision to create three dimensional structures. This could be considered spatially
controlled deprotection.

We are working with disilane (Si,Hg) which has been used in several Si ALE
processes. Disilane has several advantages. It is readily available in high purity. It
has a high sticking coefficient on unpassivated Si surfaces. There is a wealth of
literature on disilane-based Si chemical vapor deposition (ALE) epitaxy. ALE is a
cyclic CVD process that starts with unpassivated Si, introduces a precursor gas
(disilane) which sticks to the surface and dissociates with the process continuing
until all available unsatisfied Si surface bonds are occupied either with H atoms or
H passivated Si atoms. At this point the deposition process is self-limiting where in
disilane’s case 1/3—1/2 of a monolayer of Si atoms are deposited per cycle. The
precursor gas is then pumped from the chamber and some process is used to
remove all of the H from the surface. This process can be simply raising the
temperature until all H desorbs thermally or using high energy photons to break the
Si H bonds. The deposited Si atoms now free of H have the mobility to move into
epitaxial positions. The surface is again depassivated and the ALE cycle is
repeated.

In the process we are developing, instead of removing the H globally from the
Si surface, we intend to remove H in desired patterns with H depassivation
lithography. There are several consequences of adopting this approach. For one it
makes a constant temperature process viable since the H removal does not require
any additional thermal energy. This is indeed an advantage when attempting to
pattern with atomic resolution since any change in temperature would likely
require significant time to allow the sample to stabilize after the temperature
change. However, this approach will also limit the temperature of the process to
approximately 300°C or lower because of the mobility of the H on the Si surfaces
would cause the carefully written pattern edges to diffuse and defeat the goal of
atomic precision. This is a relatively low temperature for Si epitaxy which is
usually carried out 200-300°C higher. However, very low temperatures have been
reported for solid source Si epitaxy [24]. And while we are essentially doing gas
source epitaxy, we are removing the H from the surface after the Si has been
deposited from gas precursor molecules. Shown in Fig. 6 is the patterned area and
patterned epitaxial growth carried out at less than 300°C where dimer row
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Fig. 6 STM Lithography and Patterned Epitaxy of 1 monolayer of Si(001); Ts = 275°C. a The
surface after the initial patterning. On the left, a pattern drawn using the low-V mode, at 4.5 V,
6 nA, and an electron dose of 16 mC/cm. On the right, a high-V mode pattern, at 8 V, 6 nA,
1 mC/cm. b The same pattern after four cycles of disilane deposition (1 x 10—6 Torr x 10 s),
and lithography, showing growth of around 1 ML of Si(001). Some large second-layer islands are
also forming in the right-hand pattern

formation in the growth area is visible and is a clear indication of epitaxial growth.
While in Fig. 6 we have only grown the first monolayer with the second mono-
layer just starting, we have also grown approximately 18 monolayers (2 nm
thickness) of Si in an area that is roughly 20 x 20 nm.

The next step is to improve our lithography process to be able to do automated
atomically precise patterning on significant topography in order to make three
dimensional atomically precise, top-down controlled Si structures. This will
involve overcoming some significant challenges which include doing the H
depassivation lithography on surfaces that are not 2 x 1 reconstructed. The
lithography part of the cycle is carried out after deposition and the deposited Si
atoms are deposited in a disordered fashion and do not join the crystal lattice until
the H atoms are removed. Since only 1/2-1/3 of a monolayer (depending on
deposition conditions) is deposited on the surface per cycle, at best we will have an
atomically flat terrace every other cycle and getting the Si atoms in every position
that we want them has not yet been demonstrated.

2.6 Surface Protection

If we create atomically precise Si structures, they must be able to maintain their
dimensions in the environment that they will be used in. While there are a limited
number of applications in vacuum, preventing oxidation of the Si is a desirable
goal. H passivation can forestall oxidation for a short time, but a longer lasting
passivation would be beneficial. A robust monolayer passivation would be ideal,
though for a number of applications an atomic layer deposition of ~1 nm of
Al,Oj3 or other durable material would be acceptable.
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2.7 Extension to Other Material Systems

We have described the APM technology that we are developing as patterned
atomic layer epitaxy of Si using H depassivation lithography. This implies that we
are restricted to building Si structures. If we instead think of this technology
spatially controlled desorption, where the desorption mechanism is electron
stimulated desorption, then this can be considered a more general fabrication
approach. At one point in time, the atomically precise removal of H from Si
surfaces was suspected of being a process viable only with Si and H. Hersam [25]
and Wolkow [26] have demonstrated that a variety of species may be desorbed
from Si surfaces. There are many atomic layer epitaxial and atomic layer depo-
sition [4] processes that use a specific species of atom or molecule as a protection
layer to achieve the self-limiting deposition that makes layer by layer deposition
possible. We believe that a subset of these will be adaptable to our APM approach.

3 If We Succeed in Realizing APM Technology, So What?

If we are successful in creating a technology where with programmable top-down
control, would this be anything more than a laboratory curiosity, is a question that
must be asked of a process that is going to initially have a very limited throughput
capability; therefore, there is a requirement for a useful structure to have an
extremely small volume of atomically precise material. We have identified a
number of applications and products that, we believe, more than justify our efforts.
We will list a subset here.

3.1 Nanometrology Standards

A wall of single crystal Si that is uniformly a countable number of atomic layers
tall and wide would have great value as an atomically precise metrology standard.
We are already working with the National Institute of Standards and Technologies
on the possibility of creating such standards.

3.2 NanoBio: DNA Nanopores

If surfaces can be sculpted with atomic precision this brings up a host of possi-
bilities to create surfaces for specific designed molecular interaction. This could
include chiral structures for enantiomer separation, molecular binding sites for
specific chemical sensors, enzymatic catalysts, and many others. One almost trivial
structure with potentially enormous impact that could be realized with a nanoscopic
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quantity of atomically precise material would be a nanopore with integrated elec-
trodes for DNA sequencing. While there are interesting possibilities with protein
channels in lipid membranes, these are fragile structures and a solid state membrane
would be preferable. While a number of researchers have produced solid state
nanopores with the requisite 2 nm pore diameter, the fabrication methods lack the
precision to control the size and shape of the nanopore so that the DNA will move in
an orderly fashion through the pore allowing the bases to be read as they pass the
integrated electrode. If we successfully develop our technology we would be able to
create nanopores that would be successful in this application. A relatively small
number of such nanopores (~ 100) would be all that is required for extremely high
speed DNA sequencing [27].

3.3 NEMS

Micro Electro Mechanical Systems (MEMS) have seen a wide range of valuable
applications. Nano Electro Mechanical Systems (NEMS) could extend these
capabilities into many more applications. A key feature of APM is that in addition
to being able to make very small structures, it should be able to make these small
structures with unprecedented precision. A relatively simple NEMS oscillator
would operate at extremely high frequencies and the control of the resonant fre-
quency would be extremely good. These NEMS oscillators could be used for high
frequency filtering for very low power radios, or for extremely sensitive sensors.

3.4 Quantum Dots

The value of Quantum Dots is that they contain electronic states that are different
from the electronic states in the same material in bulk form. These electronic
states, which are controlled by the size of the quantum dots, can lead to a wide
variety of optical and electronic applications. For instance by making quantum
dots of different sizes, they can be made to fluoresce at different wavelengths
providing specific tags that can be used in medical imaging. They can also be used
in single electron or resonant tunneling electronic devices. In many of these
applications, the utility of the quantum dots is directly affected by the degree of
control of the energy level of the quantum dots which directly determined by the
control of the dimensions of the quantum dots. Top-down fabrication methods
adopted from semiconductor processing have poor relative precision which results
in £5% control of the size of the quantum dots. Chemical synthesis methods are
not any better. If we can create quantum dots with absolute size and shape control,
we will have much better control of the energy levels of the quantum dots allowing
more effective use in a variety of applications. If we can simultaneously control
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their placement with respect to each other, we can control their interactions more
effectively.

3.5 Qubits

While there are a fairly wide variety of proposals for realizing qubits for quantum
computation, one of the most promising is the P in Si which utilizes the long lived
nuclear spin of P. Simmons at the University of New South Wales is using
atomically precise H depassivation lithography to position P atoms in Si for the
purpose of making Qubits for a scalable quantum computing technology [28, 29].
This sort of lithography is also used to pattern delta-doped layers of P in Si which
will form the electrodes used to control the interactions of the qubits and their
readout. We are collaborating with the UNSW to develop more automated and
reliable lithography process.

3.6 Nanoimprint Templates

One of the most cost effective methods of getting nanoscale patterning done is
nanoimprint. To date, the resolution of nanoimprint seems to be template limited
and there are a number of applications already identified that would benefit from
sub-10 nm resolution. The principle tool for template making, e-beam lithography,
is capable of sub-10 nm resolution, but the relative precision is very poor. As is
discussed below, the throughput in the near term would preclude making inte-
grated circuit masks, APM could make nanoimprint master templates with
extremely high absolute as well as relative precision that is simply not available in
any other technology. This will allow very cost effective nanoscale patterning. We
are actively working with Molecular Imprints Inc. one of the leading nanoimprint
companies in the world.

3.7 Initial Cost of Production

While the atomically precise patterned Atomic Layer Epitaxy process has not yet
been fully demonstrated, we have learned enough about the process to make some
estimations of the cost of production. The model used was a cost of ownership
model including labor (operators and engineer), cost of factory space, five year
depreciation, and a production tool that cost 5 M USD and has 10 tips operating in
parallel. The cost varies with the amount of patterning required in the low bias,
small-spot, atomic-resolution mode versus the high bias large-spot mode and
ranges from about 500-3,000 $(USD) per cubic micrometer of atomically precise
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Table 1 The production cost versus product sizes

X Y Z um3 LR (%) $/ um3 Product Cost/  Units Total

(nm) (nm) (nm) component unit

1000 1000 10 1.0E-02 90 $476 DNA nanopore  $4.76 200  $952.00

1000 20 20 40E-04 O $2,970 CD metrology $1.19 10 $11.88
standard

10 10 4 4.0E-07 O $2,970 NEMS resonator $0.001 10 $0.01

Si structures. While this is a very high cost for producing material at the micro
scale, several of the applications listed above could be produced cost-effectively
even at this relatively high price per unit volume because the applications only
require a nanoscopic quantity of material. In the Table 1 we list three possible
products, their dimensions and nominal volume, the percentage of patterning in
low resolution mode (LR %), unit costs, number of units for a useful product, and
the total production cost for the atomically precise portion of the product.
We already have an order placed for 10,000 of the NEMS resonators [30].

4 Scaling Up

We would expect the production tool to be based on MEMS closed loop X, Y, Z
scanners rather than on piezo tube scanners. While still being developed, the
MEMS scanner technology should provide substantial benefits over the established
piezo tube scanner technology. Neil Sarkar of Integrated Circuit Scanning Probe
Instruments Corporation is developing XYZ MEMS scanners which will include
closed loop positioning and initial designs have a very small footprint
(200 x 200 um), allowing many tips to be operating on a small sample area. We
anticipate the technology to include local circuitry for driving the MEMS actua-
tors, closing the positional feedback loop, including a preamplifier for the tun-
neling current, and possibly a microcontroller to allow the scanner to perform
simple patterning functions semiautonomously. This architecture will allow the
scanners to operate independently allowing arbitrary patterns to be created and
stitched together. It will also simplify the interconnection of the array, requiring
only ground, power, a serial communication line for instructions, and a tunneling
current signal line per scanner versus the separate actuator drive and sense signals
per axis required with out the local circuitry. We anticipate that these scanners will
have small scan ranges (<1 pm) which can be traded off for the ~0.1 nm posi-
tioning resolution required. A global high resolution nanopositioning stage will be
used to allow the scan fields to overlap.

While initial production tools will start with modest levels of parallelism
(10 tips for example), we anticipate scaling to much larger numbers of tips to
increase productivity and allow a much larger range of products to be made. The
semi-autonomous MEMS scanners will allow many tips to be placed on a sample
(2,500 per square cm for a 200 x 200 um pitch) with a tractable number of
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electrical connections. In light of the analogy that we have made with conventional
e-beam lithography, it is worthwhile to look at the challenges that have been faced
by attempts to make parallel arrays of e-beams for lithography.

To start with, electron optical columns are complex and expensive, requiring
high voltage, many optical elements, and the control of many potentials or currents
(for electrostatic or magnetic lenses or deflectors). While an array of columns is a
possible approach, most efforts, REBL [31] and MAPPER [32], for instance have
taken the one column, many beamlet approach. Attempts to parallelize anything
will have a linear component of complexity which increases proportionally with
the level of parallelism. However, when there is unwanted interaction between the
units being parallelized, the complexity increases with an exponential component
as well. The problem of unwanted interaction with parallelizing electron beams is
space charge. Electrons are charged particles that repel each other and limit the
performance of e-beam systems even in single columns. In a parallel array of
beamlets in a single column this interaction can be minimized by using smaller
currents and/or larger spacing of the beamlets. Unfortunately, both of these factors
reduce the productivity of the parallel array of electron beams in a conventional
system. In principle, much of the space charge interaction can modeled and
compensated for with clever optics and corrections to the deflection of the
beamlets. These corrections however are pattern dependent and because electro-
static interactions are long range the complexity of these corrections increases
exponentially with the number of individual beams.

In comparison our STM-based version of e-beam lithography has much a much
simpler and less expensive electron optical system. The maximum voltage is 50 V
and the entire electron optics consists of two elements, the cathode (tip) and anode
(sample). And while electron beam interaction in a parallel array of STM tips is
not eliminated, the extremely short path of electrons in free space which is
1-100 nm (depending on the writing conditions), the shielding geometry of the tip
and sample, and the relatively large spacing of the tips render any space charge
interaction negligible.

Another significant advantage of our tip-based lithography approach is its
closed loop nature and ability to use the crystal lattice as an addressable grid.
These attributes will lessen considerably the difficulty in producing accurate
placement of patterns and the stitching of fields, which are two of the more
challenging aspects of high resolution lithography and particularly challenging for
multi-beam (tip) approaches.

Based on the simplicity of the electron optics, the small footprint and favorable
interconnectivity of the semi-autonomous MEMS scanners, and the lack of inter-
action of the separate array elements, we believe that the scale-up to high levels of
parallelism of H depassivation lithography will be a significantly less costly and
complicated path to scaling up through parallelism compared to conventional
e-beam lithography. Note that we are not suggesting that H depassivation lithog-
raphy will compete with e-beam lithography to pattern integrated circuits. We are
simply indicating that if there is an economic drive to scale-up the throughput
capacity of atomically precise manufacturing, that there is a tractable path for many
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orders of magnitude increase in throughput over a technology that should be able to
produce, cost-effectively, valuable products in the near future.

5 Conclusions

Atomically Precise Manufacturing technology is being pursued via scanning
tunneling microscope-based patterning and atomic layer epitaxy. This technology
should permit top-down controlled fabrication of arbitrary three dimensional
Si structures where we are in control of the placement of every atom. Significant
progress toward realizing this technology has been made such as the proof of
principle of atomically precise patterning and patterned epitaxial growth in the
available temperature window. We believe that this technology will be demon-
strated in the near future, that it will enable the manufacturing of high valued
products in the near term, and that it is amenable to scaling up productivity by
many orders of magnitude permitting a much wider range of products to be
manufactured. Numerous challenges remain such as more reliable tip technology,
the development of closed loop MEMS scanners, and a suitably robust surface
protection technology that will preserve the atomically precise nature of the
manufactured structures in the environment that they must operate.
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Combined STM and Four-Probe
Resistivity Measurements on Single
Semiconductor Nanowires

M. Berthe, C. Durand, T. Xu, J. P. Nys, P. Caroff
and B. Grandidier

Abstract Transport measurements on free-standing nanostructures with clean and
reconstructed facets require an instrumentation based on electrical probes that scan
materials at the atomic scale with fine tuning in the establishment of the electrical
contact. We describe a multiple probe tunneling microscope that operates under a
scanning electron microscope in ultra-high vacuum and fulfills these requirements
thanks to a unique control system. We show how this instrument is well adapted to
study the resistivity of semiconductor nanowires.

1 Introduction

Scaling of electronic device dimensions into the ultimate regime of a few nano-
meters has been the bottom line of the semiconductor industry for nearly 30 years.
Emerging technologies based on quantum confinement, nanomagnetism, molec-
ular electronics, superconductivity, place increasingly stringent requirements on
metrology, that encompass accurate measurements of dimensions, characterization
of materials and reliable electrical performances of structures and devices.
Among the current nanomaterials, nanowires have attracted a lot of interests
with the demonstration of numerous applications in various fields such as sensing
(virus [1], gas [2]), optoelectronics (light detection [3], light emission [4]) and
microelectronics [5]. Based on top-down [6] or bottom-up [7] approaches, nano-
wire devices can be made of different materials: molecules [8], metals [9],
semiconductors [4] in any combination. They all have in common:
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e A nanoscale radius that makes it difficult to connect with conventional methods
like technological processing and metal deposition.

e An electrical or thermal conduction that is governed by quantum confinement,
correlation or surface effects, rather than the conductivity of the bulk materials.

e A high impedance that gives rise to parasitic effects when they are connected
with micrometer-scale probes.

These properties preclude their accurate characterization, unless multi-physical
analyzes can be performed in the same experimental system. A multiprobe scanning
tunneling microscope (STM) that works under the supervision of a scanning electron
microscope (SEM) in ultra-high vacuum (UHV) has a considerable potential, because
structural analyzes can be simultaneously obtained with the electrical characterizations
of a single nanowire. In principle, this instrument should be able to address key ques-
tions regarding the dependence of the transport measurements with the surface prop-
erties of the nanowire or its environment [1, 2]. Such a system exists at the Institute of
Electronics, Microelectronics, and Nanotechnology (IEMN, France). Thanks to spe-
cific characteristics, that are described in the first section of this chapter, the instrument
has the ability to probe the DC conductivity of semiconductor nanowires, with a precise
knowledge of their surface structure, as shown in the second section of the chapter.

2 Instrumentation

The system installed at IEMN is called Nanoprobe (Omicron Nanotechnology
GmbH), where particular attention has been drawn to precisely control the STM
tips that are brought into contact with a nanostructure. The evolutive preparation
chamber and the analysis chamber of the Nanoprobe make it ideal for the
preparation and the study of semiconductor nanowires by SEM and STM.

2.1 The Scanning Electron Microscope

Thanks to its practical magnification range, SEM is traditionally used to localize
nanoscale structures on macroscopic samples, and then to investigate their size, shape
and more [10]. As the intensity of the secondary electrons collected in a SEM is very
sensitive to the sample surface potential, the SEM also allows identifying regions
consisting of different semiconductor materials or performing dopant profiling with
semiconductor samples [11]. Atbest, the microscope can reach aresolution of the order
of one nanometer, but in that case, it requires the highest focalization of the electron
beam, corresponding to small working distances, typically 2 mm.

In the Nanoprobe, where four STM tips have to be brought in contact with a
nanostructure, the bias tube of the Zeiss Gemini column is kept further from the
sample. Typical working distances are between 12 and 15 mm. In addition,
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Fig. 1 SEM images of PbSe nanocrystals with a mean diameter of 8 nm, deposited on a SiO,
surface by drop casting. a Image acquired with a regular Gemini SEM, at a working distance of
2.7 mm. b Image acquired with a UHV-Gemini SEM on the nanoprobe at a working distance of
14.6 mm. Scalebars: 100 nm

because the multiple STM stage has to be rigidly maintained to the SEM in order
to avoid any resolution loss due to external vibrations, no tilt of the sample is
allowed. As a result, SEM images are always acquired from the top of the sample.
In order to highlight the performance of the microscope, we compare, in Fig. 1, two
images that were acquired with identical Carl Zeiss Gemini-based SEMs, the first
corresponding to a conventional system and the second to the SEM of the Nanoprobe.
The sample consists of a submonolayer of PbSe nanocrystals that have been deposited
on a SiO; surface by drop casting. With the conventional SEM (Fig. 1a), the array of
nanocrystals is clearly visible and each nanocrystal is well resolved. In that case the
working distance was 2.7 mm and measurements of the mean size of the nanocrystal
yield 8 nm, consistent with the nanocrystal diameter found by additional TEM char-
acterization. When the sample is imaged in the Nanoprobe (Fig. 1b), the working
distance was set at 14.6 mm. The SEM image is then slightly blurred in some regions,
but the nanocrystals are still resolved. Such observation allows a statistical count of the
nanocrystals and still gives relevant information on the morphology of the array.
Despite the lower resolution caused by the large working distance and the lack
of sample tilt, the Nanoprobe has a double advantage over conventional SEMs:

e It is operated in a UHV environment that prevents the adsorption of carbon
contaminants provided that the sample is clean.

e Jtis compatible with the operation of STM, that can acquire images of the sample
down to the atomic resolution; the SEM being rather used as a localization tool.

2.2 Multiple Probe Scanning Tunneling Microscopes

The Nanoprobe contains four independent STM scanners. Due to the requirement
to mechanically bind the SEM with the STM stage in order to keep the SEM
resolution high enough, and the need for tips that must be long enough to be
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Fig. 2 a Large scale 3D STM image (V = —470 mV; I = 3 nA) of a InAs nanowire, scale bar:
200 nm. b STM image (V = 80 mV; I = 115 pA) of PbSe nanocrystals deposited on a graphite
substrate, scale bar: 100 nm. ¢ High resolution STM image (V = 1.5 V; I =400 pA) of a
Si(111)-(7 x 7) surface, scale bar: 2 nm. d Large scale STM image (V = 2 V; I = 200 pA) of a
Si(111) surface, where atomic steps are clearly seen, scale bar: 500 nm. All images were acquired
at T = 295 K, with the high resolution probe in (a), (b) and (c) and one of the three low
resolution tips in (d)

positioned under the SEM, while the scanners are kept far away from the sample,
the tunneling junctions usually suffer from a low vibration damping. In order to
increase the stability of the STM tip, the tip length can be reduced by making the
scanner more compact and closer to the sample stage. But, in the current con-
figuration, only one of such scanners can be built due to space requirements. As a
result, the Nanoprobe system hosts three “low resolution” STM tips, that are able
to resolve atomic steps, and a “high resolution” STM tip, that images surfaces
with the atomic resolution. Figure 2 shows a few examples of STM images
acquired with the both types of scanners.

Figure 2a—c were recorded with the high resolution scanner. This scanner is
capable of large scale imaging, like in Fig. 2a that shows an InAs nanowire. Its
compactness also ensures a good stability of the tunneling junction. Indeed the tip
does not seem to disrupt the array of PbSe nanocrystals, seen in Fig. 2b, when the
tip scans over the array, damages that could happen for too strong vibration
instabilities. Moreover, the tip is able to resolve the typical atomic reconstruction
of the Si(111)-(7 x 7) surface, as shown in Fig. 2c. Conversely, Fig. 2d was
acquired with the low resolution scanner. It shows a large scale STM image of a
Si(111) surface. Although the external vibrations hinder the observation of the
atomic resolution on the terraces, the scanner allows for a high vertical resolution
showing single atomic step between adjacent terraces.
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Thanks to this combination of high resolution STM and SEM, the localization
and structural characterization of nanowires (Fig. 2a) becomes feasible. The small
diameter of such structures is no more an obstacle and the STM tips may contact a
nanostructure to be used as electrical probes. The combination of microscopy with
the electrical measurement is a subject of prime importance that is described in the
following section.

2.3 A Unique Control System

To take full advantage of the equipment, one needs to be able to simultaneously
operate the SEM and all four STM tips. Moreover, the STM tips can work in two
different modes, either in the tunneling regime, where they are used to observe a
sample and to perform tunneling spectroscopic measurements, or in the contact
regime, where they are used in a source/measure configuration to perform DC
electrical measurements. Due to the complexity that can occur when multiple
probes are operated at the same time by a single person, a powerful human—
machine interface (HMI) that allows all types of experiments has to be built. For
such purpose, the SPM control system consists of a Nanonis control system
(SPECS-Ziirich GmbH) that has been replicated four times.

In Fig. 3a, the blue, white and red boxes compose the four SPM units. They are
connected to the STM current/voltage preamplifiers (Omicron SPM PRE 4E) on
one side and to a master control PC running the user interface on the other side.
Figure 3b gives an overview of this computer interface that allows handling any of
the STM tips independently, with only one keyboard and one mouse: one operator
can monitor and program all the STM parameters without switching constantly to
another system. Thanks to the multiple hardware units, it is therefore possible to
run four feedback loops to acquire up to four STM images at the same time.
Synchronization and recording of the analog and digital signals coming from the
different control units can easily be done by software or by hands through the front
panel of the controller (Fig. 3a).

As measurements of the conductivity of a nanostructure require to bring the tips
into contact, each feedback loop has to be disabled and such a condition is achieved
by placing between each high-gain transimpedance preamplifier and the UHV
electrical feedthroughs a switch unit (Omicron CSW4-G), that is software-con-
trolled. The switch unit provides an alternative output to the system that can be
connected to other preamplifiers, voltage or current sources, electrical measurement
devices, function generators, etc. In order to measure the resistivity of a nanostruc-
ture using a four point probe method, a software interface has been designed to
control the low current Source Measure Units (Keithley 2636) that are shown in
Fig. 3c. These units are used for simple biasing (Fig. 3d) and for DC electrical
measurements with a specified number of probes in any combination (Fig. 3e).

The software control of the switch units allows opening the feedback loop once
the tip has been positioned in a region of interest on the sample thanks to the SEM
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Fig. 3 Pictures of the nanoprobe control system for scanning tunneling microscopy and transport
measurements. a Quadruple Nanonis SPM control system for independently operating each
probe; b controller interface with four screens, one keyboard and one mouse allowing one
operator to control the whole system; ¢ switchbox-controlled source measure units (KEITHLEY
2636) for low current transport measurements; d zoom on the computer interface for the SMU. It
is possible to directly set and read the current and voltage for simple biasing; e Transport
measurement interface

Fig. 4 Examples of the behavior of the STM tip while approaching/retracting from a surface. a STM
image of a Au(111) surface (scalebar: 400 nm) and graph displaying the quantum steps of conductance
while retracting the tip from the surface after gentle approach. b STM image of Al nanodots on silicon
(scalebar: 40 nm) and I(Z, V) graph (logarithmic vertical scale) showing the different electronic
regimes as a function of the distance: open circuit (O), tunneling (T) and contact (C)

and/or the STM. Since the thickness of the investigated nanostructure is quite
small (sometimes smaller than a few nanometers), great care must be taken to
bring the tip in contact while the feedback loop is opened. As a result, the current
intensity is monitored through the SMUs when the tip is approached toward the
sample. Figure 4a and b show examples of such manipulations performed with a
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single probe and different samples, that demonstrates the precision of the tip
displacement to reach the electrical contact.

In Fig. 4a, a Au(111) surface was first imaged with STM. The tip was immo-
bilized on a flat terrace and the feedback loop open. Then the current was derivated
to another amplifier with a lower gain (Keithley 428) and series of approach-retract
curves were performed. While approach curves (not displayed) only show an
exponential increase of the current followed by a saturation when the contact is
established, retracting the tip reveals sharp jumps associated to atomic-size
channels of conductance breaking one after the other [12]. The graph displayed in
Fig. 4a corresponds to the statistical plot of the value of the conductance that was
measured. The equidistant peaks materialize the occurrence of transport through
multiples of the quantum of conductance. After the experiment, the signal was
switched back to the tunnel mode.

In Fig. 4b, Al dots were grown on a Si(111) surface [13]. The tip was immo-
bilized over a single dot and the signal switched to a low current SMU (Keithley
2636) to record the different regimes of conductance as a function of the distance
between tip and sample. The graph (vertical logarithmic scale) reports three
regimes depending on the tip-sample distance:

e At large distances, when the tip is retracted from the sample, no current flows:
I =1E — 12 A for d = +1 nm to +0.38 nm, for any value of the voltage V.

e At smaller distances (0.38 nm > d > —0.24 nm), the tunnel regime is revealed
by a straight line on the logarithmic scale, implying that the current varies
exponentially as a function of the tip-sample distance [14].

e For short tip-sample distance (d < —0.24 nm), the current reaches saturation,
corresponding to a contact regime. In this regime, if the tip-sample distance is
kept constant, a rectifier-shaped I(V) curve is measured when the bias varies.
This behavior is caused by the formation of the Schottky barrier between the Si
surface and the Al dot.

Such results demonstrate the potential of every probe with both spatial and
electrical precision. They can also be combined for manipulation and contact of
nanowires as described in the next section.

3 Contacting Single Semiconductor Nanowires
and Measuring Their Conductance

Intensive research activities focus on the fabrication and characterization of
one-dimensional (1D) nanostructures because the anisotropy of (1D) systems pro-
vides unique properties and phases to the materials. For example, they should exhibit
density of states singularities and allow to carry either spin or charges [15, 16].
In addition, they are expected to play an important role as both interconnects [17]
and functional units in electronic devices [18, 19]. Concomitant with the emergence
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Fig. 5 SEM images of different structures based on nanowires contacted with the nanoprobe:
a MEMS resonator involving a Si beam; b Si nanowire deposited on a SiO, surface and contacted
with two tips; ¢ freestanding InAs nanowires contacted with four tips; d Si nanowire lifted from
the substrate and connected with four tips. (a) scalebar: 100 pum; (b), (c), (d) scalebar: 1 um

of such nanostructures are the practical challenges for their efficient location/
registration and their contact to electrodes.

Figure 5 illustrates how the multiprobe scanning tunneling microscope under the
operation of the SEM allows the arbitray arrangement of the probe electrodes onto (a) a
MEMS structure containing a single vibrating silicon beam or directly onto a single
nanowire, that is either (b) deposited on a substrate, (c) standing free upward on a
substrate or (d) fully suspended between the four STM tips. As the studies of the
nanowire conductivity requires precise control over the nanowire surface structure and
its environment to accurately determine the contribution of the surface to the electronic
transport, new methods for the surface preparation of 1D nanostructrures are highly
desirable. Indeed, removal of the oxyde layer that usually covers the surface of semi-
conductor nanowires and W tips is of particular importance in order to achieve a good
electrical contact. As an example, Fig. 6a shows the SEM image of an upward Si
nanowire grown by chemical vapor deposition along the (111) direction. Before the
cleavage of the nanowire, for its observation by STM, the initial sample is briefly heated
in UHV around 800°C to desorb the thin oxide layer. The SEM ensures that heating does
not change the overall morphology of the nanowire. Then STM provides a direct
observation of the facet orientations on the Si nanowire (112)-oriented sidewalls
(Fig. 6b), as well as the atomic reconstructions of the different facets. In the case of the
(111) facets, atypical 6 x 6 phase, that appears to be voltage dependent (Fig. 6¢ and d),
are obtained and demonstrates the presence of Au due its diffusion from the Au seed
particle, seen on top of the wire in Fig. 6a [20].

Careful procedures are also required to ensure that the sidewalls of III-V
semiconductor nanowires are oxide-free; the nanowires illustrated here were
grown at IEMN under UHV by molecular beam epitaxy, see [21] for growth
details. If successful, then the I(V) curves measured between a single tip and an
InAsSb nanowire in contact with the Si(111) substrate, that is held at ground, has
an ohmic behavior. Thanks to the precision of the STM scanners, four tips can be
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Fig. 6 a SEM image of a Si nanowire grown in the [111] direction from a gold island that was
synthesized on a Si(111) surface. Scalebar: 200 nm; b large scale STM image of the surface of a
silicon nanowire deposited on a silicon substrate. The average diameter of the nanowire is
120 nm. Scalebar: 10 nm, Vbias = + 2.0 V, Itunnel = 100 pA; (c¢) and (d) atomic resolution
filled and empty state images of a (111) facet of a Si nanowire showing a 6 x 6 phase. Scalebar:
1 nm. (¢) Vbias = —1.3 V, Itunnel = 100 pA; (d) Vbias = 1.3 V, Itunnel = 100 pA
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Fig. 7 a V-I curves measured as a function of the inter-probe distance measured by the collinear
four-probe method on an InAs 95Sby o5 nanowire. Inset: plot of the resistance values compared to
the inter-probe distance; b SEM image of the four probes, labeled 1-4, ready to be connected to a
nanowire deposited on a Si(111) substrate. The inter-probe distance will be measured between the
two inner probes (2 and 4)

brought into electrical contacts with an InAsSb nanowire such as the one visible in
the center of the SEM image of Fig. 7a. Tips 1 and 3 are connected, respectively,
to the gold catalyst and to the base of the wire and used as source and drain
electrodes for driving the current through the wire. Tips 2 and 4 are the potential
probes. When a current is passed through the wire, the potential drop measured
between the inner probes is found to be linearly proportional to the current
intensity as shown in Fig. 7b. The gradient of the curves yields the resistance of
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Fig. 8 SEM images of a single InAs nanowire, that has been detached from the substrate and is
fully suspended between four tips. While the outer tips are always in mechanical contact with the
nanowire, the inner tips are moved along the nanowire between successive transport
measurements. The lateral shift of the inner STM tips is achieved thanks to the precise control
of the system in tip-positioning. Scalebars: 1 pm

the nanowires for a given separation between the inner probes. By changing the
position of the tips 2 and 4, a set of V(1) characteristics were acquired for different
separations between the inner probes. From these V(I) curves, we obtain the
resistance Ryw that is found to linearly increase with the tip separation L, as shown
in the inset of Fig. 7b. The slope yields a resistance per unit length Rxw/L of
7.6 kQ/um for an InAsg 95Sbg o5 nanowire with a diameter of 100 nm.

In order to separate the surface effects from geometrical considerations, the
nanowires can also be characterized in a free-standing position as shown in Fig. 8,
where an InAs nanowire has been directly contacted on its original substrate. After
an electrical contact has been made with the tip located at the bottom of the
nanowire, a gentle manipulation can be exerted to detach it from the substrate.
Such configuration allows performing transport measurements with a nanowire
fully suspended that can also be bent to characterize its transport properties under
mechanical strain (Fig. 8b and c).

4 Conclusion

We have shown that Scanning Electron Microscopy, Scanning Tunneling
Microscopy and four point DC electrical measurements can be combined in a
unique platform in UHV to study the structural and electrical properties of
nanostructures. To reach that scheme, the control system is a key component of the
instrument for the successful localization of nanometer-sized objects like single
semiconductor nanowire and the characterization of their atomic scale topography
and nanoscale electrical properties.
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Compared to the commonly used methods for contacting single nanostructures,
the measurements performed with the Nanoprobe allow faster and cheaper char-
acterization of nanometer-sized electronic devices. Moreover, the absence of air
exposure between measurements and the UHV chamber provide the best con-
trolled atmosphere for characterization.

This technique not only gives the opportunity of a full characterization of
nanostructures, but the four tips may be thought as manipulators for controlled
strain characterization or direct assembly of nanosized blocks.
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Probing Electronic Transport
of Individual Nanostructures
with Atomic Precision

Shengyong Qin and An-Ping Li

Abstract Accessing individual nanostructures with atomic precision is an
important process in the bottom-up fabrication and characterization of electronic
nanodevices. Local electrical contacts, namely nanoelectrodes, are often fabricated
by using top-down lithography and chemical etching techniques. These processes
however lack atomic precision and introduce the possibility of contamination.
Here, we review recent reports on the application of a field-induced emission
process in the fabrication of local contacts onto individual nanowires and nano-
tubes with atomic spatial precision. In this method, gold nanoislands are deposited
onto nanostructures precisely by using a scanning tunneling microscope tip, which
provides a clean and controllable process to ensure both electrically conductive
and mechanically reliable contacts. The applicability of the technique has been
demonstrated in a wide variety of nanostructures, including silicide atomic wires,
carbon nanotubes, and copper nanowires. These local contacts bridge the nano-
structures and the transport probes, allowing for the measurements of both elec-
trical transport and scanning tunneling microscopy on the same nanostructures in
situ. The direct correlation between electronic and transport properties and atomic
structures can be explored on individual nanostructures at the unprecedented
atomic level.
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1 Introduction

A major challenge in nanoscience and nanotechnology is electrical interfacing of
individual nanoobjects to the macroscopic world. The reliable methods of
accessing individual nanoobjects electrically are demanded in testing their elec-
tronic properties with nanoscopic to atomic positioning precision. Many nano-
fabrication processes have been developed using a range of self-assembly and
nanomanipulation methods, which enabled the creation of organized structures
composed of individual nanoobjects such as nanowires, nanotubes, nanodots,
nanorods, and nanoribbons with the size down to a few nanometers [1-6]. The
feature sizes of these nanoobjects are often orders of magnitude smaller than
conventional electronic probes. A key challenge for contacting these nanoobjects
is the formation of local electrical contacts whose size can be tailored and the
location can be controlled to create the desired link to mesoscopic transport
probes.

To address this great challenge, many groups have developed contacting
methods suitable for individual nanoobjects. Those methods include e-beam
lithography, ion beam deposition of material [7], direct deposition from organo-
metallic gases, [8] local crystallization or melting of amorphous materials, and
scanning probe microscopy-based surface modification techniques [9]. Successful
local oxidation and metal deposition from tips in close proximity with the surface
of a nanostructure has been performed by using either a scanning tunneling
microscope (STM) or an atomic force microscope (AFM). Here we focus on the
recent reports on utilizing a field-induced material transfer method to fabricate
nanocontacts with STM probes. This method promises formation of electrically
conducting junctions, with inherent cleanliness, flexibility, and high spatial pre-
cision. In particular, this contacting method has enabled the measurements of both
the electron transport behavior and local structural and electronic properties of a
variety of nanostructures with a four probe STM in situ [10-12].

2 Formation of Gold Nanocontacts with Atomic Resolution

Experiments of fabricating nanocontact can be performed with either an STM or an
AFM. A field-induced material transfer process, first reported by Mamin, Guethner,
and Rugar, [13] was used. Since then, reproducible formations for gold nanodot
with STM and AFM have been reported by a number of research groups [14—18].
And the application of this method in fabricating electrical contacts that can bridge
nanoscopic structures and mesoscopic transport electrodes has been demonstrated
recently [10, 11].

The fabrication process of nanocontacts by the field emission process is illus-
trated in the schematic of Fig. 1. Sharp tungsten tips coated with gold can be used
to map out the size and location of nanostructures (GdSi, nanowires on Si(100) in
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Fig. 1 Schematic of the nanocontact fabrication and transport measurement procedures. a The
Au-coated STM tip is held above one end of GdSi, nanowire with a voltage applied between tip
and sample. A GdSi, nanowire is shown on a Si(100)-Gd 2x7 surface with a STM image size of
77x48 nm>. b Au atom emission occurs by bringing the tip close to the sample till the current
reaches 100 nA. ¢ Au-coated tip is moved to the other end of the nanowire in STM scanning
mode and then the feedback is switched off and atom emission occurs by bringing the tip close to
the sample. d Transport measurement along the GdSi, nanowire made by contacting two probes
using the nanocontacts. (Adapted from [10])

this case) by STM topography imaging. After locating the nanowire, the STM tip
is positioned about 200 nm above the end of the GdSi, nanowire. The STM
controller feedback is then disabled, and the tip is slowly lowered toward the
nanowire surface with a —15 V bias applied to the tip with respect to the sample.
When the tip-sample distance is close enough, the tunneling current suddenly
jumps to above ~ 100 nA, which usually happens at a thresh-old field of ~3.5 V/A.
The current pulse leads to the formation of an Au nanocontact with size of
50-200 nm in diameter onto the end of the nanowire via a field-induced atomic
emission process. The precision of contact location can be controlled down to the
atomic scale, depending on the STM lateral spatial resolution.

This process can be repeated multiple times on different locations of the
nanowire to create multiple local contacts. The local contacts are large enough to
identify under conventional scanning electron microscope (SEM) or even some
optical microscope. In our setup, the deposited Au nanocontacts are then contacted
by two STM tips guided by a SEM integrated in the four probe STM system for
electrical characterizations [12].
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The physical mechanisms of dot formation in this process have been studied by
many groups [10, 13, 18-20]. Two basic models have been widely discussed, with
one involving direct contact between the tip and the sample due to Joule heating
and thermal expansion [20], and the second involving field evaporation [13, 19]. It
was shown that both these processes can create well-defined nanodots of metal
[18]. In the field-evaporated material transfer process, positive gold ions are
transferred in the direction of the electric field. At the same time, material can also
be transferred due to direct tip-substrate contact. The direction of this mechanical
contact transfer is determined by materials and geometry of the involved sample
and tip, which can then create either mounts or pits on the sample surface.

3 Application of Nanocontacting Technique
in Electron Transport

3.1 Fabrication of Nanocontacts on GdSi, Nanowires

This nanocontacting technique was first applied to the formation of local contacts
on a GdSi, nanowire. And the measurement of its electrical conductivity was
performed by using the local contacts in situ in a multi-probe STM system. GdSi,
nanowires were grown on the Si(100) 2 x 1 surface by depositing Gd at 600°C
with a deposition rate of 0.1-0.2 ml/min [11, 21, 22]. The growth of GdSi, on
Si(100) 2 x 1 proceeds with the formation of a wetting layer, followed by the
growth of well-ordered and uniformly-oriented array of GdSi, nanowires.
Figure 2b shows an STM image with two nanowires separated by a Si(100)-Gd
2 x 7 surface layer insulating on Si. The anisotropic growth can be rationalized by
considering the asymmetric lattice mismatches in the two orthogonal crystallo-
graphic directions of the GdSi, and Si: the lattice mismatch in the
[0001]4g;, /[110]; direction is +8.6% and in the [11[1120] g4 /[110]g; direction is
+0.8%, thus giving rise to the nanowire growth direction of along [110]s;. The
narrowest nanowire has a width of 1.7 nm and a height of 4 A, as shown in
Fig. 2c. The length of the nanowires can be up to several micrometers, as shown in
Fig. 2a. Clearly, the width of these GdSi, nanowires is beyond the spatial reso-
lution of conventional transport measurement technique.

By using the filed-emission nanocontacting method, we have fabricated Au
nanoislands on both ends of the GdSi, nanowires. The Au nanoislands can be seen
with SEM and thus can serve as electrical terminals for in situ transport mea-
surements. Figure 2d shows an SEM image of a GdSi, nanowire with two Au
nanocontacts. Two STM tips were then brought into contact with the nanoislands
under SEM for transport measurements of the GdSi, nanowire in situ. Figure 2e
shows the transport I(V) curve measured along a GdSi, nanowire with a size of
6.55 nm x 0.4 nm x 0.79 pum. At a temperature of 60 K, the wires have linear
1(V) characteristics. This indicates that the Au/GdSi, contact is ohmic and that the
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Fig. 2 a A series of STM images showing a GdSi, nanowire with length of 1.2 um. b High
resolution STM image of a narrow GdSi, nanowire. ¢ Cross-sectional line profile showing the
dimensions of a narrow nanowire. d SEM images showing Au nanocontacts on a GdSi, nanowire
(top panel) and STM probes on Au nanocontacts (bottom panel). The GdSi, nanowire could not
be resolved in the SEM. e I(V) curve of GdSi, nanowire at T = 60 K. (Adapted from [10])

wires themselves have metallic conductance. The resistivity of the GdSi, nanowire
at 60 K is calculated to be 6.9 pQ cm based on the nanowire dimensions.
Besides direct measurement of the electrical transport on NWs of only a few nm
wide, this local contact provides us an unprecedentedly opportunity to study the
correlation between the transport and local structures down to the atomic scale by
performing both STM and nanotransport measurements on the same nanowires.
In the following, we summarize the reports [11] on the effects of atomic defects and
interwire coupling on the transport properties of self-assembled GdSi, nanowires.

3.2 Direct Measurements of Transport Properties of GdSi,

The formation of both “isolated” nanowires and bundles of two or more GdSi,
nanowires with atomic spacing provides the opportunity to study the effects of
interwire coupling on the Si(100) surface. The representative STM images of a
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Fig. 3 Electrical conductance of individual GdSi, nanowires from nano-transport measure-
ments. a Schematic illustration of the measurement configurations for in situ electrical transport
and local density of states on a single nanowire. Inset: SEM image of local Au contacts and
Au-coated STM tip above a GdSi, nanowire. Scale bar: 1 pm. b STM images of 2- and 3-wire
bundles. ¢ Transport I(V) curves for a 3-wire bundle. d Transport I(V) curves for a 2-wire bundle.
Insets: numerical transport dI/dV of the 2-wire bundle. (Adapted from [11])

single nanowire and two- or three-wire bundles are shown in Figs. 3a and b. Here,
the above fabrication method was utilized to deposit gold nanoislands in situ as
local electrical contacts on nanowires.

Single and bundled GdSi, nanowires display dramatically different transport
characteristics. At room temperature, both the single wires and wire bundles
exhibit linear I(V) in transport measurements, indicative of a metallic conductance
and the Ohmic nature of the Au/GdSi, contacts. At lower temperatures, below
50 K, the linear I(V) behavior and the metallic conductance only persist for
nanowire bundles that consist of three or more nanowires, as shown in Fig. 3c for a
three-wire bundle. In contrast, (V) curves of single nanowire and two-wire bundle
become nonlinear at low temperatures. As an example, the numerical dI/dV curves
of a two-wire bundle in Fig. 3d display a clear conductance gap of ~95 mV,
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indicating an insulating state at low temperature. A metal-insulator transition is
confirmed by measurements of nanowire resistance as a function of temperature,
which reveal a MIT in a two-wire bundle at about 50 K. To rule out the possible
role of substrate conductance, we measured the transport I(V) curves on the
(2 x 7) reconstructed Gd/Si(001) surface without a nanowire. We find that the
surface layer is insulating with a resistance that is in an order of magnitude higher
than that of the nanowires. Consequently, the substrate conductance is negligible
and does not affect our measurements of the wire transport.

3.3 Correlations Between Transport and Local Density
of States

STS measurements on single and bundle nanowires at 80 and 6 K are shown in
Figs. 4a and b, respectively. At 80 K, both single and bundle nanowires show
finite DOS near the Fermi level (Eg), confirming their metallic nature. At 6 K,
the DOS of a single nanowire shows a small gap, consistent with the transport
(Fig. 3d) results. The DOS of a bundled wire however remains finite near Er at
6 K, confirming the previous ARPES reports for the bundle wires [23]. At both
temperatures, the DOS in the middle of the bundle wire is significantly higher
than that at the edge. To better understand the origin of the MIT for a single
nanowire, we map the spatial distributions of STS along the single nanowire in
the inset of Fig. 4b, which shows an n-type band structure. Strong spatial
variations of the pseudo-band gap can be found in the defect regions as high-
lighted by the blue color. We find larger modifications at band edges and wider
band gap near defects, as marked with white vertical dash lines in the inset of
Fig. 4b. It is clear that a single GdSi, nanowire has a strongly disordered energy
band at low temperature, which is also confirmed by DFT calculations. The
evolution from semiconducting single nanowire and relatively conducting wire
bundle at the edge, to the robust metallic state in the middle of a wire bundle is
well correlated with the interwire coupling-induced suppressions of adatoms and
superstructures. For a wire bundle consisting of only two wires, the interwire
coupling is overwhelmed by the edge states, and metallic states are only stable
when three or more wires are coupled.

3.4 Application of Nanocontracting in Cu Nanowires

In this experiment, the Cu nanowires were grown with an electroplating method
and then dispersed onto SiO,/Si substrate. The Cu nanowires have typical
dimensions of 65 nm in diameter and 2—4 pm in length. The study of electrical
properties of Cu wires has largely been driven by its extensive application in
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Fig. 4 Electronic structure of single nanowire and wire bundle from STS and DFT. a dI/dV
spectra at 80 K on GdSi, single nanowire (black), bundle center (red), and bundle edge (green).
Inset: STM images of the single wire and bundle wire. b dI/dV spectra at 6 K on GdSi, single
nanowire (black), bundle center (red), and bundle edge (green). Insets: the spatial variations of
dl/dV spectra as a function of energy along a single nanowire. White dashed lines mark the
locations of adatoms. ¢ Comparison of the measured (dI/dV)/(I/V) spectrum at 10 K and the
calculated DOS projected to a region 3 A above the bundle wire. Inset: (dI/dV)/(I/V) spectra of a
single wire measured at 10 K on an adatom and 2 nm away from the adatom defect, and the
calculated DOS without adatoms. d Calculated band diagram of GdSi, single wire along the wire
(I'-X) for majority (solid black) and minority spins (dashed red). e Cross-sectional view of the
calculated wave function distributions for states around the Fermi level of single, and f for bundle
nanowires. Green and gray represent outer and inner sides of the isosurfaces. (Adapted from [11])



Probing Electronic Transport of Individual Nanostructures with Atomic Precision 127

m Experiment
— Linear Fit

Resistance (MQ)
s

10
15 2.0 25 3.0 3.5
Distance (um)
(d) (e)
6t 4l
2}
B A
E
s OF of
B
£ 2|
- 4 R=1.71MQ <r R=1.39MQ
sl 4r
3 2 a4 0 1 2 3 3 2 4. 0 1 2 3
Current (nA) Current (nA)

Fig. 5 a SEM image of a Cu nanowire with Au nanocontacts made at the ends. b SEM image of
four probe transport measurement with movable inner probes. ¢ Resistance of Cu nanowire as
function of probe spacing. d and e, Two and four-point measurements of the resistance of the
same Cu nanowire, respectively. (Adapted from [10])

microelectronics. Cu is the current choice of the interconnect metal in integrated
circuits due to its higher electrical conductivity and improved electromigration
reliability in comparison with aluminum. However, as the interconnect width
narrows, and especially when the interconnect width is approaching a mean free
path of the conduction electrons (~40 nm at 300 K for copper), the resistance of
copper interconnects increases dramatically. Therefore, there has been an intense
research interest in characterizing the electrical conductance of Cu nanowires [24].
Figure 5a shows SEM image of a Cu nanowire with nanocontacts made at both
ends. In order to eliminate the contact resistance and minimize measurement
errors, a four-point measurement was also employed at different inner-probe
spacing (Fig. 5b). The resistance versus inner probe distance was plotted in Fig. 5c
as a function of probe spacing. The slope of the resistance-probe spacing curve
provides accurate measure of the linear resistivity of the nanowire. The resistivity
of the Cu nanowire was then calculated based on the nanowire dimensions
(diameter ~ 63 nm) to be 0.0563 Q cm. The much larger resistivity of Cu nano-
wire in comparison with that of pure metal is due to the surface oxide layer of Cu
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Fig. 6 a SEM image of carbon nanotube bundles (CNTB) with Au nanocontacts made on
different branches, which enables four probe transport measurement on the same CNTB or across
different bundles. Dashed lines indicate the locations of CNTBs with lengths of each segment
labeled. b I-V curve along CNTB, inset: SEM image of four probe transport measurement along a
CNTB by using STM probes and the nano-contacts from (a). ¢ I-V curve across two CNTBs,
inset: SEM image of four probe transport measurement across two CNTBs. (Adapted from [10])

nanowire that was formed by air exposure for a long time (weeks) [25]. By making
the nanocontacts at the end of Cu nanowires, we can also conveniently eliminate
the influence of contact resistance on the measurements. Figure 5d and e are the
Voltage versus Current curve on the nanowires for the two- and four-point mea-
surements, respectively. From the difference between the two, we can extrapolate
the contact resistance of between tips and the Cu nanowire to be 320 kQ.

3.5 Application of Nanocontracting in Carbon Nanofibers

The local contacting technique was also demonstrated on individual bundles and
junctions in a network of single-walled carbon nanotubes (CNTs). In this exper-
iment, arc-discharged CNTs were first purified and sonicated in chloroform
solution to form CNT bundles (CNTB) [26]. CNT bundles were dispersed via spin
coating onto a Si substrate with native oxide to form a CNT bundle network. The
density of the bundle network was controlled so that isolated CNT bundles and
bundle junctions could easily be found with SEM. A sample SEM image (Fig. 6a)
shows CNT bundles with Au nanocontacts made on different branches of a CNT
network. Compared to four probe measurements without nanocontacts, con-
tact fabrication greatly improved measurement stability and reproducibility.
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Figure 6b and ¢ show four probe measurements made by using pre-fabricated
nanocontacts along different branches of a CNTB. The diameters of the CNTBs
are around 200 nm, meaning they consist hundreds of single tubes. If we assume a
constant CNTB linear resistivity, from the measured resistance in Fig. 6b and ¢ we
can calculate that the linear resistivity of CNTB at 140 K is 370 k€/um while the
contact resistance across different CNTBs is 390 kQ.

3.6 Summary

We have summarized the recent reports on the application of a field emission
process in fabricating nanocontacts for bridging nanostructures and mesoscopic
transport probes. The high spatial resolution nanocontacting method provides a
controllable and reliable approach for electrically accessing <100 nm nanowires
and other one-dimensional nanoobjects with the help of STM probes and SEM
images. The whole nanocontacting process using STM probes is clean, simple,
quick, controllable, and reliable. The process can be applied to a range of metallic
and semiconducting materials. As the field evaporation-induced Au dot formation
has also been demonstrated on the surface of SiO,/Si by using an Au-coated AFM
probe [15], this nanocontacting method can also be applied to insulating samples.
Precise engineering of nanocontact by this technique that allows contacting to
arbitrarily any nanostructures with high spatial resolution should result in addi-
tional research applications including fabrications of nanosersors and nanoelec-
tronics, and repair of interconnects and failed nanoscale electronics.
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Abstract We present detailed information about the first experiments performed
on the A*STAR UHV-Nanoprobe system in Singapore. As a model system, nat-
urally occurring MoS, surface was considered for those measurements. This sur-
face is interesting as it is easy to prepare and shows a surface band gap of about
1.3 eV close to that of a Si(100)H surface. Two tip surface I-V measurements
were performed by varying the inter-tip distance down to 100 nm. A transition
from nonlinear to linear -V characteristics are seen when the 2 tip separation is
below 1 pm.
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1 Introduction

Electronic properties of materials are very important to master the nano-
electronics applications especially when the size of the devices reduces to such an
extent that quantum size effects come into play, for example, when the device sizes
are in the range of electron mean free path (~few tens of nanometers). They
become even more fascinating when the size of the device is of atomic dimensions.
In this later case, it becomes more and more difficult to use conventional nan-
olithographic techniques to fabricate electronic elements at the atomic scale.
Therefore, the bottom-up approach to fabricate nano-devices using single mole-
cule is becoming more and more interesting to the researchers.

Molecular electronics involving single molecule(s) as active element is an area
of research wherein both physicists and chemists combine their efforts together to
design and synthesize the molecules for designed device performance. Designing
such molecules is intended toward getting the desired logic operation. Already in
1971, Mann and Kuhn had explored the conductance measurements of tunnel
junction whose basic material was long and large HOMO-LUMO gap molecular
chains. They have found an exponential decay of the junction conductance versus
thickness as predicted by the tunnel theory [1] After the seminal work by Aviram
and Ratner on single molecular rectifiers, the design and usage of single molecules
to construct molecular devices became of much more interest [2-5]. Furthermore,
specially designed molecule and molecule/substrate combination are very impor-
tant to study electron-vibration (electron—phonon) interaction, electron—electron
interaction (Coulomb blockade) and spin—spin interaction (Kondo effects).

To accurately determine the intrinsic transport properties of these molecular
devices, four-probe measurements are a priori required [6—8]. In the four-probe
measurements, two probes serve as current source and the other two independent
probes measure the potential difference between well-defined distances. This
way, the contribution from the probe-surface resistance (or contact resistance)
can be eliminated. To be able to construct a single molecule device and to
measure its electronic characteristics, the A*STAR Institute of Materials
Research and Engineering Singapore (IMRE) has recently assembled together a
cluster of UHV low temperature equipments all interconnected together via a
UHV low temperature linkage (Interconnection Machine).

To test this interconnection machine and before bringing on the surface the
single molecule logic gates, we have selected the MoS, surface. There are many
advantages in using two-dimensional materials for UHV atomic scale device
studies. First, it is easy to UHV prepare a graphene or MoS, surface. Second, such
surfaces exhibit rich physics coming from the high mobility of the carriers. For
surface conductance experiments where a surface gap is required, MoS, makes
much more important member in this sense because of its intrinsic band gap close
to that of the Si(100)H surface, while pristine graphene is a gapless material.

MoS, is one of member of the metal chalcogenide group which finds application
in many areas. The structure of MoS, has been solved many decades back [9].
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The bulk crystals of MoS, have stacks of Suphur and Molebdenum layers,
respectively. Each pair of Mo and S layers is bonded by Van der Waal forces just
like in Highly Oriented Pyrolytic Graphite (HOPG). The crystallographically
determined structure shows a triangular pyramid of sulfur atoms and within that one
Mo atoms is situated. A clean surface of MoS, can be obtained by micromechanical
cleavage technique using a scotch tape. By doing this, we obtain a Sulfur (S)
terminated surface [10, 11]. Importantly the sulfur terminated MoS, is very stable at
room temperature.

Recently MoS, single layers have been used to fabricate the field effect transistors
[12—14]. It is shown that all the characteristics such as current on/off ratio, room
temperature mobility are comparable to the corresponding FET’s using thin films of
silicon and graphene ribbons. These investigations show clearly the possible usage of
layered materials in the low power electronic device applications in future.

The band gap of MoS, is shown to depend on the numbers of layers considered.
The optical spectroscopic studies on MoS, with increasing number of monolayers
clearly show a transition from an indirect to direct band gap material [14]. Recent
photoluminescence studies have also shown that a strong luminescence emerges
when MoS, is thinned down to monolayer thickness, thus indicating a transition
from being indirect to direct band gap material [15].

It is also shown that STM-like field evaporation of single sulfur atoms take
place at much lesser tip—sample voltage than the W field evaporation of the STM
tip apex. Additionally the cleaved MoS, surface is suitable for this experiment as
the surface defect induced by the extraction of a single sulfur atom is stable at
room temperature. Hosaka et al. have successfully extracted sulfur atoms from the
cleaved MoS,, showing that indeed the atomic fabrication is possible on the MoS,
surface [16, 17]. Interestingly the introduction of a defect by extraction of a sulfur
atom introduces a few electronic states within the band gap of MoS,. Recent
experimental investigations of Kodama et al. clearly show that the I-V measured
on the single sulfur vacancy show metallic behavior compared to the semicon-
ducting I-V measured elsewhere [18]. Therefore, if a straight line of sulfur single
atom vacancies is created, it can produce a non zero-local density of states within
the bulk band gap. Since the atomic wire created by sulfur vacancies is stable at
room temperature, it can be used for electronic transport and to construct surface
atomic scale devices. It has been shown that due to the remaining three dangling
bonds occurring when a sulfur atom is extracted, a localized electronic energy
band is formed when a line of sulfur atoms is constructed [19, 20].

2 Experiments and Results
2.1 Interconnection Machine

The IMRE’s interconnection machine is a cluster of equipments specifically
designed for the construction, packaging and measurements of the surface
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Fig. 1 a Schematic diagram of the UHV-Nanoprobe (Courtesy Omicron GmbH, Germany) of the
A*STAR IMRE interconnection machine. It can be operated at a wide range of temperature from
440to 30 K. The sample can be cooled to 30 K using liquid helium using a continuous flow cryostat.
b An SEM image taken on an Au/MoS, sample. (9 kV/100 pA, working distance ~12.8 mm). ¢ An
STM image of an Au(111) UHV prepared surface taken at 300 K. Scanning parameters are +0.1 V/
1000 pA, scanning area is 400 x 400 nm

Nanoprobe stage

transport of single molecule devices in the UHV. This is detailed in the Chap. 3 of
this book. In this chapter a detailed account of the first experiments performed on
UHV-Nanoprobe of this interconnection machine is given.

Figure 1 shows the schematic diagram of the UHV-Nanoprobe part of our
interconnection machine. This consists of a Scanning Electron Microscope posi-
tioned vertically above the sample stage. The sample stage can be cooled to
cryogenic temperature using liquid helium. The scanning electron microscope
attached in this Nanoprobe is calibrated using Au/Carbon and Au/MoS, samples.
Triangular islands of Au can be grown on MoS, as shown in the Fig. 1b. The
Nanoprobe stage also hosts four scanners individually holding a tip. Normally all
the scanners are calibrated with tips. We use electrochemically etched W tips
followed by flashing in UHV by passing large current (~5-7 Amps for short
duration) through the apex of the tip. Normally the etched tips having apex
diameter ~50-100 nm are selected for the surface conductance measurements.

2.2 Calibration of the Interconnection Machine

We use an Au(111) surface for the calibration of the Nanoprobe. As a standard
procedure, Au(111) was prepared using a sequence of sputtering/annealing to get
large terraces STM imaged as presented in Fig. lc.

Figure 2 shows the typical I-V curve on Au(111) surface taken at room tem-
perature. This I-V curve clearly shows that the tip-sample junction is very well
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Fig. 2 Spectroscopic measurements on Au(111) using high resolution (HR) scanner in the
Nanoprobe. a I-V curve showing a linear behavior indicating a good ohmic contact. The slope of
this curve gives a resistance ~39.4 kOhms. b Typical I-Z curve obtained (black) and in the In(I)
versus Z curve, a jump-to-contact can be clearly seen (Red). ¢ The SEM image of the tip used in
the spectroscopic investigation

controlled with ohmic contact. I-V curves are obtained with low bias setting for
the tip. The slope of the I-V curve gives us a resistance of 39.4 kOhms which
indicates a very good ohmic contact with the surface. It should be noted that a
20 kOhms series resistance was included in the feedback control circuit to limit
the current, thus giving rise to actual resistance of ~19.4 kOhms in the junction.
Figure 2b shows the I-Z curves obtained at room temperature with the same tip.
The work function of the Au(111) substrate is calculated by measuring the slope of
the In(I)-Z curve. From our measurements we obtain a value 6.05 eV which agrees
fairly well with the known values for the work function on a Au(111) surface. This
suggests a very good control over the tip-sample junction distance. This curve also
shows a jump-to-contact, showing also a very good control over the tip-sample
junction atomic scale structure [21, 22]. This procedure is repeated whenever a
new tip is used. Once the tip is characterized this way, it is further used in the
measuring in the surface conductivity experiments.

MoS, surface was prepared by cutting a small piece from the naturally
occurring rock obtained from Australian mines. After cutting, it is glued on to
molybdenum sample plate and introduced into the UHV system. The surface is not
subjected to any further cleaning procedure, just a little thermal annealing. MoS, is
a layered material similar to highly ordered pyrolytic graphite (HOPG) with
indirect (direct) band gaps of 1.29 (1.78) eV [23]. This small band gap makes it
very useful for the study on surface atomic scale devices and it can be compared to
the band gap of the Si(100)H surface.

2.3 Measurements on MoS,

As mentioned earlier, the MoS, surface band gap depends on its thickness.
To check the electronic band gap of our MoS, sample, we have performed single
tip measurement at room temperature and at 30 K. Since the selected MoS, sample
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Fig. 3 Spectroscopic measurements on an MoS, surface using high resolution (HR) scanner in
the Nanoprobe. a Typical I-V curve taken on MoS, with single tip. b Typical I-Z curve obtained
(Black curve) and In(I) versus Z curve (Red). ¢ The scanning electron microscope image of the tip
used for the measurements

was fairly thick, we expect a bulk band gap of ~1.3 eV. The Fig. 3a shows a
typical I-V curve at room temperature. One should note that single tip measure-
ments do give a lot of scatter in the I-V curves. Thus very precise measurements
are required to exactly determine the bulk band gap of MoS,. Also there is a need
for knowing exact thickness of the MoS, sample taken. To determine the work
function, an I-Z curve was obtained and Fig. 3b shows [-Z curve obtained at room
temperature. As mentioned earlier the slope of In(I)-Z gives the work function and
from the slope of this curve, a value of 5 eV obtained. This agrees very well with
the known values of the work function for MoS, [23]. Similar experiments should
be done with other tips available in the NanoProbe to get -V and I-Z curves. This
gives us a clear understanding of the tip apex structure. Once the apex from all the
tips are characterized this way, a multi probe experiment can be performed.

The clear understanding of the electronic structure of the tip apex is especially
important when the transport characteristics of single molecule or atomic wire are to
be determined. In this scenario, it is necessary to have single channel conduction via
the molecule or the atomic wire which enables us to understand the transport in a full
quantum regime. The requirement of point contact is due to the fact that in a quantum
regime of conductance, it is assumed that conduction takes place via a few quantum
channels (or less in a tunneling regime) especially in the low bias regime.
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Fig. 4 a Cooling curve of the MoS, sample on the Nanoprobe. The minimum temperature
reached is 30 K. b A typical single tip measurement of I-V on MoS, at 30 K

Similar experiments were done at 30 K by cooling the sample using liquid
helium. In our experimental set up, only the sample is cooled via liquid helium,
whereas the tip is always at room temperature. The I-V curves using a single tip
like measurement show a completely different behavior compared to room tem-
perature I-V curves shown in the Fig. 4b. Notice that there is almost zero current
passing through the MoS, sample in the complete negative bias range scanned.
This kind of I-V was observed with various MoS, samples. Further measurements
are needed to understand the change in the I-V curves due to the cooling down of
the sample.

We have seen that the I-V and I-Z curves differ from tip to tip even though the
tips have similar apex diameter. Thus all the tips need to be characterized very
carefully and it is important to have all the tips in the same position along the I-Z
in order to measure transport in the quantum regime. With this in mind and for the
two tip measurements, we have used the I-Z curves of individual tips as reference.
Proper Z-offsets are given to individual tips to reach the same I setting for both
tips. Since the UHV-Nanoprobe is attached to a high resolution scanning electron
microscope, it enables us to determine exactly the tip apex diameter and to
position them at a required distance of separation. In our experiments, the distance
between the tips has been varied systematically and the two tip I-V measurements
were done.

Once the tips were calibrated individually, surface transport measurements can
be performed. In this case, the scanning electron microscope was used to
determine the distance of tip separation precisely. By keeping one of the tips
stationary, second tip was moved systematically thus varying the distance of
separation. Figure 5a shows a SEM image of tips while doing the surface transport
measurements. In this image, the distance of separation is about 3.3 um. Figure 5b
shows two probe measurements done at a distance of 2.395 pm. It clearly shows a
nonlinear I-V curve. The inset in Fig. 5b shows the actual tunnel conditions
applied to the two tips. The transverse resistance can be determined by taking the
slope at zero current. Note that the position of zero current is taken as origin in the
I-V curve during the two probe measurements.
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Fig. 5 Surface transport measurements using two tips. Measurements are done at 30 K.
a Scanning electron microscope image of two tips used for surface transport measurements. The
distance of separation is 3.3 m. b I-V curve showing the nonlinear behavior. The distance of
separation here is 2.395 m. ¢ A linear I-V curve for the two tip measurements with tip separation
~335 nm

In our measurements, the voltage is changed on the high resolution tip, thus the
zero current location is depending on the bias voltage of the second tip, depicted as
‘normal tip’ in the inset. We can clearly see that the I-V curves show an offset
corresponding to the bias setting of the “normal tip”. We change the distance of
separation by moving the high resolution tip under the electron microscope. Once
the proper distance is selected, two tip surface transport measurements are con-
ducted. Once the distance of separation is less than 1 pm, the I-V shows linear
behavior. Again the offset is due to the bias setting of the second tip (Fig. 5c¢).

3 Conclusion

To summarize, the distance-dependent surface conductance was measured using
two tips on a UHV-Nanoprobe system. The distances have been precisely changed
by imaging the surface with a scanning electron microscope within the Nanoprobe.
The key features of a two tip measurements are (i) for tip separation more than
1 pum, the I-V shows a nonlinear behavior. (ii) By decreasing the tip separation
less than 1 um, the I-V becomes linear and shows distance-dependent resistance.
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Multi-Probe Characterization of 1D
and 2D Nanostructures Assembled
on Ge(001) Surface by Gold Atom
Deposition and Annealing
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F. Krok and M. Szymonski

Abstract The demand to discover new, alternative solutions in future electronics
has currently focused the attention on the possible use of single atomic wires and
conductive mesa pads as components in electronic circuits. For such applications,
we need a good knowledge of structural and electronic properties of 1D and 2D
conductive nanostructures fabricated on large and/or moderate band gap semi-
conductor surfaces. This chapter is reporting on case studies invoking preparation
of well organized atomic wires and 2D conductive pads by self-assembly of gold
atoms on clean, reconstructed Ge(001) surface. Structural characterization of the
fabricated nanostructures was performed with atomic resolution on low tempera-
ture scanning tunneling microscope (LT-STM) and multi-probe STM designed by
Omicron Nanotechnology GmbH. Using the far field, high resolution scanning
electron microscope (SEM), the pre-prepared nanostructures were identified after
an UHV transfer into a multi-probe station of the system, and their surface
conductance was measured with two STM probes. The conductance dependence as
a function of the inter-probe distance confirmed 2D (surface) character of the Au
rich nanostructures assembled on Ge(001).
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1 Introduction

Recent concepts in nanoscale electronics often explore molecular devices for
which a single molecule, or a molecular circuit is connected to external envi-
ronment by a set of conductive nanopads (nano-electrodes) interconnected by a
network of atomic and/or molecular wires able to make an Ohmic contact directly
with the molecules. Therefore, in order to facilitate essential fabrication steps in
technology of such molecular electronic devices, surface resistance of conductive
2D nanopads fabricated on semiconductor surfaces have to be known/character-
ized as a function of the inter nanopad distance down to a nanometer range. One
approach to accomplish such a goal is to use top STM-like contacts of the multi-
probe STM system navigated by a high resolution scanning electron microscope.

Deposition and self-assembling of noble metals on semiconductor surfaces have
been frequently studied for almost 3 decades. In spite of that, many aspects of such
interfaces, including quantum electronic properties of self-assembled metallic
nanowires are only recently explored. A spectacular example of such a system is Au
on Ge(001) which after first publication in 1988 [1], and some others in 2004, and
2005 [2, 3] was not in a main stream of research until recent letter by Schaefer and
co-workers [4] in which formation of 1D electron liquid in self-organized gold
chains on Ge(001) was described. Although detail understanding and theoretical
modelling of geometrical and electronic structure of the Au chains on Ge(001) are
still under discussions [4—13], gold on Ge(001) seems to be an ideal system for
measuring surface conductance because of clear indications of the 1D and/or 2D
confinement in the nanostructures [13, 14]. Moreover, simultaneous appearance of
the gold-induced chain domains and clean Ge(001) reconstruction areas on the same
surface [3] create the opportunity to use such conductive wires as interconnects to
structures build on clean or hydrogen passivated Ge(001). Also molecules evapo-
rated on Au/Ge(001) system [15], connected to the wires, seem to offer a way to
develop a new type of interconnects between individual molecules and micro size
devices. The challenging task of charge transport characterization for 1D and 2D
surface nanostructures could be accomplished with multi-probe STM tips capable of
forming well-defined, Ohmic contacts by controlled approach to the nanometer size
objects. In this work we describe the first attempt to measure surface conductance of
the gold deposition-induced nanostructures on a clean, reconstructed Ge(001) by
means of the two-probe STM device navigated with a high resolution SEM
microscope. The results of the conductance versus inter-probe distance measure-
ments indicate its surface character for Au-induced nanowire domains.

2 Experimental

The experiments are carried out in a commercial four-nanoprobe UHV System
made by Omicron Nanotechnology GmbH incorporating a high resolution Gemini
Column from Carl Zeiss, Germany. The system is equipped with three UHV
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(b) LEED 43 eV
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Fig. 1 Clean Ge(001) as prepared by 600 eV Ar" ion sputtering and thermal annealing at
1040 K. a STM image taken at room temperature (STM parameters: sample bias voltage: —2 V
and tunneling current: 0.5 nA); b LEED pattern showing mixed (2 x 2)/c(4 x 2) surface
reconstruction at room temperature; ¢ LT-STM image of clean Ge(001) surface taken at 77 K
(STM parameters: sample bias voltage: —2 V and tunneling current: 0.3 nA)

interconnected chambers with the base pressure in the low 10~'° mbar range, or
better. In addition to the four-probe STM unit, the system also consists of a low
energy electron diffraction (LEED) optics, a low temperature scanning tunneling
microscope (LT-STM), and a hemispherical electron energy analyzer allowing, in
combination with the Gemini column, for an Auger electron spectroscopy (AES)
analysis, as well as for scanning Auger microscopy (SAM). All conductance
measurements are done at room temperature.

The substrate is cut from a wafer of undoped n-type Ge(001) crystal with a
resistivity of about 30 Q-cm. The cleaning procedure consists of few cycles of
600 eV Ar* ion sputtering at sample temperature of 1040 K (as measured by a
pyrometer). After this procedure the Ge(001) surface exhibits a mixed (2 x 2)/
c(4 x 2) — 2 domain pattern as seen in Fig. 1.

3 Conductive Pads and Nanowires by Gold Deposition
on Ge(001)

Surface nanostructures are obtained by deposition of 6 monolayers (MLs) of Au
on the reconstructed Ge(001) from a resistively heated tungsten crucible. The
deposition rate of 0.2 ML/min is monitored by a quartz crystal microbalance and
the substrate temperature is kept at 150 K. This procedure of sample preparation is
different from the one applied by other groups [4, 5] who focused their work on
measuring the structure and properties of nanostructures formed at Au deposition
of 1 ML or less. Our goal, however, is focused on obtaining a more complex
system of well separated gold islands interconnected by conductive 2D wire
domains.

In order to accomplish this goal we perform metal deposition at low temper-
ature so that the thermal diffusion range of Au atoms is limited and Ge(001)
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Fig. 2 SEM images of gold on germanium surface (black bars indicate 1 pm). The topographic
defects are shown to compare the differences between subsequent steps of sample preparation.
Panel (a) shows the surface covered with gold after deposition and before annealing. Image
(b) shows the surface after annealing at 720 K for 15 minutes, which produces the surface fully
covered with reconstructed gold wires and gold islands with diameter of 150 nm visible as bright
spots. After annealing to 770 K for 15 min gold islands become bigger and a dark “halo”
surrounding islands appears indicating surface covered with well reconstructed gold chains (panel
(c)). Light gray shows areas where the gold atoms disappear leading to exposure of defected
Ge(001) surface

(a) ’ (b),
e . . - ™ .
. ; ' el e
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Fig. 3 LEED patterns (a) of clean Ge(001) and (b) of Ge(001) after Au deposition and annealing
at 720 K (electron energy of 43 eV). Additional spots show 4 x 2 and c(8 x 2) reconstructions
with dual domains

surface is randomly covered with gold clusters, neither showing any well-defined
LEED spots, nor any specific topographic pattern under SEM imaging conditions
(see Fig. 2a). However, subsequent thermal annealing of the Au clusters/Ge sys-
tem leads to development of a mixed crystallographic structure of flat gold islands
distributed over well-ordered wire domains. For example, if the sample temper-
ature is increased and kept at 720 K for 15 minutes, islands with an average
diameter of 150 nm are found on the surface uniformly covered with well-defined
and oriented wires as seen in Fig. 2b. LEED image (see Fig. 3) taken after heating
shows different structure from that obtained for clean germanium. Additional spots
indicate ¢(8 x 2) structure symmetry with dual domains [9] but also some 8x
spots are seen in Fig. 3b. Spots exhibiting additional 8 x reconstruction, below
1.2 ML deposition, and 16x, above 1.2 ML deposition, were previously reported
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Fig. 4 aand b STM images of gold-induced nanowires on germanium surface after annealing at
720 K for 15 min. Sample bias voltage: —2 V; tunneling current: 0.2 nA. ¢ Cross-cut profiles
along the lines indicated in panel b. d High resolution STM image of the nanowires taken at
liquid helium (LHe) temperature. e Scanning tunneling spectroscopy (dI/dU) at various locations
indicated in image d

in this system by other authors [6, 12]. Repeated cycles of heating at the same
temperature do not change neither SEM, nor LEED images.

STM imaging of the areas between gold islands reveals a regular structure of 1D
wires assembled on Ge(001) as seen in Fig. 4. The adjacent terraces (Fig. 4a) cov-
ered with regularly spaced structure of anisotropic wires are separated with single
steps. The sharp terrace edges aligned to the wires indicate that the terraces are newly
formed upon the annealing process. The wire structures on the adjacent terraces are
rotated by 90 degrees with respect to each other due to the reconstruction of the
substrate surface. The wires are not uniform along their length and exhibit bright
features with the average separation of approximately 2 nm (Fig. 4b). The wire
orientation follows the direction of Ge(001) reconstruction rows with the spacing of
1.6 nm (see the upper cross-cut profile in Fig. 4c¢). Scanning tunneling spectroscopy
(dl/dU) taken at various locations on the wire covered area (Fig. 4e) reveals that there
is no gap in the band structure of the surface domains containing the wires.

In Fig. 5 STM topographies of the neighboring domains of the regular wire
structure and that of the bright contrast in SEM image are shown. The high
resolution STM imaging of the bright contrast areas (Fig. 5b and c) reveals the
structure of highly defected Ge(001) [3].
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Fig. 5 High resolution STM images of the Au/Ge(001) sample after annealing at 770 K (a), and
820 K (b, ¢). Tunneling parameters: sample bias voltage: —2 V; tunneling current: 0.2 nA

200 nm

Fig. 6 SEM image on the left and a set of SAM images on the right taken at the same area of the
Au/Ge(001) surface (brighter data points correspond to higher signal). Image (a) was obtained for
the energy corresponding to Ge Auger transition (1145 eV), image (b) shows the background of
Auger spectrum in the vicinity of Ge line, and image (c) is given by ¢ = % Images (d—f) are
obtained by the same procedure taken for Auger transition of Au (2015 eV)

The distribution of the system components (Au and Ge) over the surface can be
examined “in situ” by scanning Auger microscope (SAM) utilizing the Gemini
column as a primary electron source (Fig. 6). The left scan in Fig. 6 shows SEM
image of islands surrounded by the dark “halo” next to the light gray area.
Figures 6a and d show SAM maps of the same area obtained for electron energy
analyzer set at the Auger transition for Ge (1145 eV, Fig. 6a), and for Au
(2015 eV, Fig. 6d). Figure 6b and e are taken at energies corresponding to the
background signals in the vicinity of Ge and Au peaks respectively. A map
obtained by subtracting signal acquired at the Auger transition energy and the
background signal and dividing the result by the sum of the two signals is shown in
Fig. 6¢ for Ge (¢ = %) and in Fig. 6f for Au (f = fﬁi). A comparison of the
resulting maps (c) and (f) indicates that the islands seen in the SEM image are built
with gold and surrounded by dark “halo”, which is enriched in gold in comparison
to the light areas.
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Fig. 7 A schematic view of the two-probe surface conductance measurements. The SEM image
shows 2 STM tips of the instrument approaching Au islands at selected inter-probe distance. For
each combination of the island pairs /(U) dependence is measured as visualized in the plot at the
upper right corner. Lower left corner of the drawing shows a high resolution STM image of gold
island on top of the well-defined nanowires assembled by Au deposition and thermal annealing at
770 K (tunneling parameters: sample bias voltage: —2 V; tunneling current: 20 pA)

After a few subsequent cycles of annealing at higher temperatures (from 770 to
820 K) the overall structure of gold islands and both dark and light contrast surface
areas remain almost unchanged, with the exception of the light ones which are
slightly less defected showing recognizable Ge(001) reconstruction. Comparing
our results to previous studies by Wang et al. [3], one could imply that at our
annealing conditions gold atoms are diffusing not only over the surface toward
gold islands, which are growing during annealing, but also into the bulk of the
germanium substrate, making the uncovered surface areas sufficiently clean for
undergoing the reconstruction characteristic for pure germanium.

4 Two-Probe Surface Conductance Measurements

Taking the advantage of the above described preparation procedure we could
perform surface conductance measurements as a function of the inter-probe dis-
tance using multiple Au nano-islands which provide stable Ohmic contacts
between the probe tips and the surface. A schematic outline of the experiment is
shown in Fig. 7.

Depending on the annealing conditions two different interfaces on the surface
can be obtained. The first, in which the gold islands are connected by gold
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nanostructures on the Ge(001) surface, and the second, in which the gold islands
are surrounded by the gold wire “halo” but different island/wire domains are
separated by defected Ge(001) areas with partial reconstruction. Therefore, we
could measure the surface conductance between islands either connected, or not
connected by the gold wires. Measurements are based on direct contact between
the W-tip probes and Au islands of 150 nm -+ 500 nm in size. This allows to
decrease the 3D bulk resistance in measurements and to remove uncertainty
connected with resistance of the contacting tip. The resistance for each island
separation was extracted from the slope of I(U) dependence taken within the
voltage range from —0.5 V to +0.5 V.

4.1 Two-Probe Measurements of Au/Ge(001): Uniform Nanowire
Coverage Between the Au Island Contacts

The two probes are at first approached to the surface using tunneling current
feedback and placed over the selected gold islands, then the tips are manually
driven to the islands till the I(U) characteristics between each tip and the sample
satisfies the Ohm dependence. When connections between tips and sample are
satisfactory, the sample grounding is cut-off and the /(U) dependence between the
two tips is collected. The whole process is repeated for various inter-probe dis-
tances. The results are shown in Fig. 8.

Following the work by Hofmann & Wells [14] and Jaschinsky et al. [16] two-
point probe (2pp) sample resistance could be approximated by solution of the
Poisson equation written for an idealized situation, such as for a homogeneous 2D
or 3D conductor, zero resistance of the probes and spherical/cylindrical contact
shapes. In such a case the measured resistance U/ is related to 2D sample con-
ductivity o, in the following way:
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where s is the spacing between contacting tips, and r is the radius of the contacts
(in this case the size of Au islands). In reality it is difficult to separate this 2D part
of the resistance from the measured one because of the second significant part
which is related to bulk (3D) resistance [14]:
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3D_I_7w,, r o s—r

where g, is the 3D sample conductivity. For realistic conditions of our experiment
the radius of contact (the size of Au islands) is always significantly smaller than
the inter-probe spacing (of the order of hundreds of nm), so r < s and from the
above equations we can approximate that R stays constant for 3D case, and grows
slowly as ~In(s) for 2D surface conductor. It is clear from Fig. 8 that the resis-
tance measured by two-probe STM tips in the range of 500 nm—10 pum for the case
of uniform nanowire coverage has a logarithmic dependence which is in good
agreement with theoretical predictions of the model [14, 16] and consistent with a
concept of a one-dimensional electron liquid system formed in Au/Ge(001) as
proposed by Schaefer et al. [4, 13]. Also fitted values of the model parameters
r and o, are quite realistic in the context of our experimental conditions.

4.2 Two-Probe Measurements of Au/Ge(001):
Nanowire Domains Separated

The same experimental procedure as described in Sect. 4.1 is also used for surface
conductance measurements for the second surface of Au/Ge(001) system prepared
by annealing at 770 K. The results are presented in Fig. 9 together with the fit of
the R dependence on the inter-probe spacing. Also in this case a reasonable fit of
the experimental data to the logarithmic dependence is clear, although the scat-
tering of the data points is much larger than in the case of uniform nanowire
coverage. This effect is to be expected, since the separation of the nanowire
“halos” by the defected areas of partially reconstructed Ge(001) is not controlled
in this experiment, and is characterized by a wide random distribution. Also the
wire orientation with respect to surface terrace steps is random. Therefore, one of
the important assumptions of the model of 2D conductor: presence of uniformly
conductive pads is not fulfilled. On the other hand, the values of model parameters
r and o, obtained by fitting procedures are quite realistic again. The Au islands size
(related to the probe size r) is definitely larger in the case of higher temperature
annealing (as confirmed by SEM and STM measurements), and oy is expected to
be smaller (experimentally obtained value is smaller by a factor of 2) than in the
previous case of uniform 1D wire coverage.
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4.3 Two-Probe Conductance Measurements of Clean
Reconstructed Ge(001)

In case of clean, reconstructed Ge(001) surface the measurements are performed
using a direct STM tip crash-contact with the sample. This approach unavoidably
leads to an increased contribution of the 3D bulk resistance in the measurements
and to uncertainty connected with resistance of the contacting tips. Our goal,
however, is to compare the resistance versus probe separation dependence for the
system anyhow dominated by 3D bulk conductance with the 1D/2D nanostructure
covered surfaces described in the previous sections. The comparison is presented
in Fig. 10. It is seen that R is considerably higher for clean Ge(001) with no
significant dependence on the inter-probe separation s, as it is be expected for 3D
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conductor. Since the tip probes are directly penetrating the sample in an uncon-
trolled way, some additional resistance of the tip contacts can contribute to R and
significantly increase spreading of the data points. Nevertheless, clear difference in
character of R versus s dependence between clean Ge(001) sample and the two
cases of Au/Ge(001) interface is apparent.

5 Conclusions

In this work we have demonstrated that assembling of nanoscopic, atomically
structured conductive pads on Ge(001) semiconductor surface could be obtained
by gold deposition on Ge(001) at low temperature and subsequent thermal
annealing of the Au/Ge(001) system at temperatures above 720 K. The pads
consist of regularly spaced structure of anisotropic wires aligned along the
direction of Ge(001) reconstruction rows with the inter-wire spacing of 1.6 nm.
Unique properties of the system, i.e. co-existence of Au islands distributed within
nanowire domains seem to offer good Ohmic contacts for multi-probe conductance
measurements. Tunneling current spectroscopy measurements reveal that there is
no gap in the surface band structure of the wires and the two-probe conductance
measurements indicate a 2D character of the surface resistance dependence on the
inter-probe separation.

Our results confirm that two-point probe sample resistance measurements could
be adequately described by solution of the Poisson equation written for a homo-
geneous 2D or 3D conductor as proposed in the work by Hofmann & Wells [14]
and Jaschinsky et al. [16].
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Nanometer-Scale Four-Point Probe
Resistance Measurements of Individual
Nanowires by Four-Tip STM

S. Hasegawa, T. Hirahara, Y. Kitaoka, S. Yoshimoto, T. Tono
and T. Ohba

Abstract We present a review of our recent results about transport properties of
nanowires measured by a four-tip scanning tunneling microscope (STM) installed
with metal-coated carbon nanotube (CNT) tips. We first present our custom-made
apparatus (with UNISOKU Co.) as well as CNT tips, and then some case studies
with two different samples, Co-silicide nanowires self-assembled on Si(110) sur-
face and Cu nanowires made by damascene processes used in LSI industry. It is
shown that the four-tip STM with CNT tips is versatile and powerful for measuring
the conductivity of individual nanostructures.

1 Introduction

Conductivity measurements in sub-micron or nanometer scale are of great interest
in nanoscience and nanotechnology. For example, nanoelectronics such as semi-
conductor devices requires low and stable electrical resistance of interconnects to
maintain device performance. Several kinds of methods to measure the conduc-
tivity at nanoscales have been developed including fixed electrodes made by
microlithography techniques. A method which adopts tips of scanning tunneling
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Fig. 1 Schematic drawings of the whole system of low-temperature four-tip STM (a) and around
the STM stage (b) [14]. ¢ A close-up photo of the STM stage without radiation shields. d The
photo of the whole system

microscope (STM) as electrodes, however, has great advantages in positioning of
the probes in arbitrary configurations as well as in high spatial resolution of
measurements. But single-tip STM is not enough for versatile measurements
of transport properties at various kinds of nanostructures: we need source, drain,
and gate electrodes. For this reason, several groups [1-10] including companies
[11] and our group [12-14] have developed four-tip STM, in which four
independent STM tips are operated in an organic manner with aid of a SEM or
optical one, and they are used as electrodes for microscopic two- or four-point
probe (u4PP) conductance measurements. In this article, we show our apparatuses
including installation of carbon nanotube tips [15-17] and some results of
resistance measurements of nanowires obtained in our group.

2 Four-Tip STM System

Figures 1a, b show schematic drawings of our new version of four-tip STM system
[14], consisting of a main (STM) chamber, a sample preparation molecular beam
epitaxy (MBE) chamber, and two load-lock chambers for sample and tip
exchanges, all of which are UHV compatible. The STM tips can be installed into
the main chamber from the tip load-lock chamber where a hot W filament is
installed for out-gassing of the tips. The sample is introduced from the MBE
chamber where cleaning of the sample, deposition of materials and reflection-high-
energy electron diffraction (RHEED) observation can be done. The sample can be
heated by direct current heating and cooled down to about 30 K by continuous-
flow type cryostat in the MBE chamber. These capabilities are necessary for
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preparing aimed surface superstructures, epitaxial thin films, nanodots, nanowires,
and for making in situ measurements.

The STM stage is mounted on the thermal conducting Cu rod which is soaked
in the coolant of the bath cryostat below. The STM stage including the sample and
four sets of actuator units is wholly surrounded with two-fold radiation shields and
movable shutters. The photo of Fig. 1c is the stage without the radiation shields,
and Fig. 1d shows the whole system. The sample and tips can be cooled down to
7 K and can be kept for 23 h with liquid He as coolant. In the case of liquid N, the
minimum temperature is 80 K and the preserved time is longer than three days.

The SEM column (APCO Mini-EOC) is mounted above the STM stage. The
working distance of SEM is about 25 mm. The electron beam is irradiated from
SEM column through a 1 mm diameter hole in the radiation shields. A multi-
channel plate for the secondary electron detection for SEM imaging is placed on
the inside wall the outer shield. The SEM image is obtained from the secondary
electron signal or beam induced current signal electron-beam-induced current
image (EBIC). The resolution of the SEM is about 20 nm for both signals.

A spring vibration isolator and an eddy-current damper are built between the
thermal conductor and the STM stage to avoid vibration of STM stage. The spring
isolator decoupled the STM stage from other components. However, during SEM
observation, tip/sample exchanges, and cooling the stage, the STM stage is fixed to
the thermal conductor (Cu rod) and therefore the isolator and damper are disabled.
When we fix the STM stage, the Cu plate works as a thermal conductor and
enlarges the contact area for good thermal connection. When we float the STM
stage by the springs, this plate makes eddy-current damper. Since alternative
arrangements of the small magnets make closed magnetic paths, the magnetization
does not affect the SEM beam.

Four sets of tip actuator units are mounted at the corner of the square STM
stage, and a sample actuator unit is placed at the center. The actuator units consist
of stacked piezo ceramics supported by sapphire plates. For fine positioning or
scanning in nanometer or sub-nanometer range, tips and samples are driven by
conventional piezoelectric effect of the ceramics by DC voltage. The maximum
positioning range by this method is about 2 pm to each direction. For coarse
positioning, the actuators are driven by stick—slip mechanism in 5 mm travel
distance in XY directions and 2.5 mm in Z direction at accuracy of about 100 nm.
In addition to these three- or two-dimensional-motion actuators, the tip actuators
also contain small piezo ceramics near the tips for fast STM feedback.

Figure 2 shows a series of SEM images of the four tips arranged in various
configurations [12, 13, 18]. The tips are chemically etched W wires. The probe
spacing can be changed from 1 mm to ca. 200 nm in Figs. 2a—c. They can be
arranged on a line equidistantly (linear u4PP method) (c, d) in arbitrary directions,
or in square arrangement (square-u4PP method) Figs. 2e—h. The square can be
rotated with respect to the sample surface (rotational square-u4PP method) by re-
positioning each tip under computer control. This is useful to measure anisotropic
surface conductivity in which the conductivity is different depending on the crystal
orientation.
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Fig. 2 SEM images of the four W tips in various arrangements in the four-tip STM [12, 13, 18]

3 Metal-Coated Carbon Nanotube Tips

An important issue for the four-tip STM is the probe spacing; the probe spacing
should be in the order of 10 nm to measure various kinds of nanostructures. At the
present the minimum probe spacing in the multi-tip STM is approximately 100 nm
when W tips are used. This is due to the radius of tip apex of electrochemically
etched W tips. This probe spacing is not small enough for observing ballistic
transport and quantum interference effects because the coherence length of con-
duction carriers is shorter than 100 nm in many cases. For this reason, continuous
efforts are made to shorten the probe spacing down to ca. 10 nm. To make the
probe spacing shorter, carbon nanotube tips have been developed in which a
carbon nanotube is glued at the end of W tip [19-22]. Since the radius of the
(multi-walled) carbon nanotubes is usually ca. 10 nm and the aspect ratio is much
higher than usual W tips, two carbon nanotube tips can be brought together into
approximately 10 nm spacing. Another feature of the carbon nanotube tip is its
mechanical flexibility which can reduce damage to delicate samples such as
organic and biological molecules, and make the tips withstand numerous direct
contacts to the samples. These properties are quite convenient for the transport
measurements by multi-tip STM at nanometer scales. However, there have been
problems in the carbon nanotube tips; high contact resistance between the sup-
porting metal tip and the attached carbon nanotube strongly disturbs electron
transport at the STM/STS measurements. Moreover, adsorbates contained in the
carbon nanotube degrade the surface cleanness of the specimen under STM
operation.

A novel technique for overcoming these difficulties has been developed; the
carbon nanotube together with the supporting metal tip is wholly coated with a thin
metal layer [15]. Figures 3a,b show TEM images of a W-coated carbon nanotube
tip glued on a W supporting tip. The W layer of ca. 3 nm thick was deposited by
pulsed laser deposition (PLD) method. The W layer fully covers the tip even at the
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Fig. 3 a TEM image and b high-resolution TEM image of a W-coated carbon nanotube tip
coated by pulsed laser deposition method. ¢ SEM images of the W-coated carbon nanotube tip,
directly contacting to a sample surface. Reproduced from Ref. [15]. d A SEM image showing
four carbon nanotube tips contacting a Co-silicide nanowire grown on a Si substrate [23]

end. Figure 3c shows flexibility and robustness of the W-coated carbon nanotube
tip upon the direct contact to a sample surface. Figure 3d is a SEM image showing
four CNT tips contacting a Co-silicide nanowire grown on a Si substrate [23]. We
have also confirmed that the electrical resistance at the glued point between the
carbon nanotube and supporting W tip is stably reduced by the metal coating;
especially Ptlr coating is the most efficient for this purpose [16]. Atomic-resolution
STM imaging and STS spectra were acquired with the W-coated carbon nanotube
tip at the first attempt [15]. With this metal-coated carbon nanotube tips, we have
succeeded in bringing the two tips together into less than 30 nm [17, 23, 24]. Since
the resolution of SEM is not enough for observing a smaller probe spacing, we
believe that the minimum spacing can be reduced to ca. 20 nm, similar to the
diameter of CNT itself.

4 Measuring Co-Silicide Nanowires

CoSi, nanowires are known to grow self-assembly by depositing high-purity
cobalt on a Si(110) clean surface held at 750-850°C in UHYV, as shown in
Figs. 4a—c [25]. The nanowires become longer and thinner with lowering the
substrate temperature during the Co deposition. The wires are single-crystalline,
half of which is embedded in the Si substrate as observed by a cross-sectional
TEM image of Fig. 4d [25]. The CoSi, is known to be highly conductive metallic



158 S. Hasegawa et al.

2
o 5 1 0 5 0 5 10
Voltage Drop (V] Viltage Drop [uV] Voltage Drop (V]

Fig. 4 a—c Atomic force microscopy images of CoSi, nanowires formed by depositing Co on the
heated Si(110) substrate at different temperatures reproduced [25]. d A cross-sectional TEM
image of the nanowire from Ref. [25]. e-h SEM images of the inner pair of CNT tips (tip 2 and
tip 3 in (j)), with different probe spacings, contacting one of the nanowires during the resistance
measurements in the four-tip STM [23]. The current probes (tip 1 and tip 4) are about 1 um away
from these voltage probes. e-h’ Four-terminal current-voltage curves measured at the tip
configuration shown in e-h, respectively [23]. The four-terminal resistance R4t decreased with
reducing the probe spacing. i The voltage probes contacted each other, and the tip 3 was bent.
j A schematic showing the four-terminal current-voltage measurements

and its resistivity is 31 & 9 pQ cm for the nanowire [26] and ~ 15 pQ cm for the
films [27] at 300 K.

As shown in Fig. 3d, the four CNT tips were made contact onto one of the
nanowires under SEM observation. The tips were made approach beyond the point
of tunneling until the contact resistances became less than 1 MQ, corresponding to
direct contact. At the current—voltage (I-V) measurement, the STM feedback loops
were cut. Even if the tip physically contacted the NW, the contact resistance
between the tip and sample was higher than 50 kQ. It was difficult to reduce this
resistance because of the nanometer-sized contact area. This is much larger than
the resistance of the nanowire itself, which is less than 1 kQ with probe spacing
smaller than 1 pm [26]. Therefore, by two-terminal [-V measurements, the
resistance did not depend on the probe spacing due to the large contact resistance
at the probe contacts: four-point measurements are indispensable at nanometer
scale.

Four-terminal -V measurements were done by sweeping the bias voltage
between tip 1 and tip 4 with recording the current I and the voltage drop V between tip
2 and tip 3, with changing the spacing between tip 2 and tip 3 as shown in Figs. 4e-h.
The SEM beam was stopped at the I-V measurements to avoid possible influence on
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the resistance caused by high-energy electron beam (10 kV). Figures 4e—h show a
series of SEM images around the voltage probes (tip 2 and tip 3) touching on the
nanowire, and corresponding four-terminal I-V curves are shown in (e¢/-h’).
We reduced the probe spacing between the voltage probes during taking the I-V
characteristics. The positions of the two current probes (tip 1 and tip 4) and one of the
voltage probes (tip 2) were fixed in the measurements, and only tip 3 was shifted. All
I-V curves were linear. The four-terminal resistance R4t = dV/dI around I = 0
decreased with shortening the probe spacing. They are several €, much smaller than
the contact resistance. A voltage amplifier was introduced at the STM pre-amplifiers
to detect small voltage drops resulted from the small resistance. Finally tip 3 bent as
shown in Fig. 4i, and R4t became 0 Q because of direct contact between the voltage
probes. The minimum probe spacing achieved here was 30 £ 20 nm as shown in
Fig. 4h. This was limited by the diameter of the CNT tip apex we used, 30 nm (20 nm
diameter of CNT + 5 nm thick PtIr layer). The error bar in the probe spacing is
determined by the radii of the apexes in tip 2 and tip 3.

We plot the measured four-terminal resistance R4 as a function of the spacing
between the contact points of the voltage probes on the nanowire in Fig. 5. The
linear proportional relation in the range 30-600 nm means diffusive transport, and
the fit line gives one-dimensional resistivity p;p = 57 & 3 Q/um. By extrapo-
lating the data points, there seems to be no residual resistance at zero probe



160 S. Hasegawa et al.

Table 1 Probe spacing L dependence of the four-terminal resistance R4t in various conduction
mechanisms

Conduction 1D 2D Ohmic 3D 1D strong 1D weak Ballistic

mechanism Ohmic Ohmic localization localization
L-dependence o< L' o< [ L' exp ( L ) o by o L° .
of Ryt (constant) (with
fluctuation)

Ly is the localization length

spacing, which is owing to the four-point probe configuration. The gradient
decreased to 19 £+ 4 Q/um above 600 nm probe spacing. This is due to an increase
of the nanowire width from 100 £ 20 to 160 & 20 nm as shown in the SEM
image in Fig. 5. By checking the reproducibility we found that the physical
contacts of the CNT tips did not cause any significant damage to the nanowire.

We now discuss the transport property of the NW. Table 1 shows a list of
the probe spacing L dependence of the four-terminal resistance in various
conduction mechanism. The probe spacing dependence of resistance in CoSi,
nanowire showed a linear one-dimensional Ohmic feature (R4t o< L). This
behavior is due to a one-dimensional conduction path through the nanowire
without leakage of current to the underlying three-dimensional substrate or to
the two-dimensional substrate surface. This is because a Schottky barrier
between the nanowire and the Si substrate confines the current [26]. The mean
free path of the electrons in CoSi, is around 6 nm at room temperature [28],
which is much smaller than the width and height of our nanowire as well as
the probe spacing. Therefore, our result of diffusive conduction is reasonable.
The three-dimensional resistivity of the nanowire can be calculated. The width
of the nanowire is determined by SEM image, and the height can be deter-
mined by the transmission electron microscope image [25]. We obtain the
three-dimensional resistivity 22 £ 4 pQ cm. In the same way, we obtain
19 £+ 4 pQ cm for the region larger than 600 nm. These values are comparable
to the previous results (31 =9 pQ cm) in which similar CoSi, NWs were
measured with W tips in larger probe spacing range [26].

In the ballistic transport regime, two-terminal and four-terminal resistances
(R,t and R4t) do not depend on the probe spacing. They depend only on the total
transmission probability T23 of electron wavefunction between the voltage probes,
tip 2 and tip 3 (which are also the current probes in the two-terminal measure-
ment). A remarkable feature of the ballistic transport is that R4t takes any value
between —R,t and +R,t, meaning that R,f can be negative by quantum interference
effects [21]. At liquid-He temperature, the mean free path of conduction electrons
in a CoSi, film with the thickness of 110 nm becomes ca. 100 nm [27]. Therefore,
at low temperatures, we can possibly observe quantum interference effects in
resistance at probe spacing we achieved here by using the Ptlr-coated CNT tips.
The probe spacing dependence of R, in the present experiment also excludes
observable effects of carrier localization.
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Fig. 6 Cross-sectional SEM image of damascene trenches. The trench widths are a 70 nm
b 100 nm, and ¢ 500 nm, respectively [29]

5 Measuring Cu Nanowires

Copper (Cu) wires are now widely used for interconnects in semiconductor
devises. But, as the wire width reaches down to the sub-micrometer scale, which is
comparable to the mean free path of conduction electrons in the wires, a significant
increase in the resistivity has been observed. This is speculated as due to the
increased surface and grain boundary scatterings. As the wire width scales down,
electrons will undergo reflections more frequently at the surfaces/interfaces, so the
collisions with the surfaces/interfaces will become a significant fraction of the total
number of collisions. In addition, grain boundaries in polycrystalline wires may act
like partially reflecting planes for electron waves, so they also contribute to the
increase of resistivity. To investigate these effects directly, the conductivity
measurements by the four-tip STM at nanometer scales is very useful [29].

Cu wires having the width between 70 nmand 1 pm were prepared using a Cu/Low-k
damascene processes which are now very common in semiconductor industry. Figure 6
shows the cross-sectional SEM images of the damascene structure made in SiO, layer.
Tantalum (Ta) was used as a barrier metal (BM) in this experiment. Cu damascene lines
were formed using conventional Cu process such as seed Cu, electrochemical plating
(ECP) Cu for trench filling, and chemical-mechanical polishing. The Cu nanowires are
not single-crystalline; they are consisted of small gains. By the electron back-scatter
diffraction (EBSD) method, such grains are visualized along the Cu damascene lines
[29]. The average grain size was measured to be about 100 nm at 70 nm wide Cu
nanowires, which did not change so much with the width, because the grain size is
thought to be determined by the height when the width is smaller than the height.

The four-tip STM was used to measure the resistance of individual wires as
shown in Fig. 7. By using Pt-coated CNT tips, the probe spacing can be reduced
down to the order of several ten nm routinely [23]. When the Pt-coated CNT tips
were used, the contact resistance between the tip and sample could not be smaller
than 50 kQ because of its very small contact area. This means that it is impossible
to measure conductive materials whose resistance is less than 50 kQ by the two-
point probe method. Only with the four-point probe method, resistances much
smaller than the contact resistance (as small as 0.1Q in the present case) can be
measured. Therefore, the combination of the CNT tips and the four-tip STM is
very powerful for studies in nanoscale measurements.
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Fig. 7 a An SEM image of the Cu wire being contacted with the four probes [29]. b The
enlargement of the area of rectangle in (a). ¢ The illustration of the four-terminal -V
measurement

Four-terminal I-V measurements were performed by sweeping the bias voltage
between the outer pair of tips and recording the current I and the voltage drop V
between the inner pair of tips (Fig. 7c). The probe spacing between the voltage
probes was reduced while measuring the I-V characteristics. The two current
probes (tip 1 and tip 4) and one of the voltage probes (tip 2) were fixed during the
measurements, and only tip 3 was moved between tip 2 and tip 4 (Fig. 7c).

The measured values of four-terminal resistance as a function of the probe
spacing between the contact points of the voltage probes on the Cu wires are
shown in Figs. 8 and 9. For all of them, the probe spacing dependence of resis-
tance basically showed a linear one-dimensional feature, meaning a diffusive
transport. By multiplying the gradient of the fitted straight lines and the cross
section of Cu wires (which was estimated from SEM image in Fig. 6), the three-
dimensional resistivity was calculated as 4.6, 3.7, and 3.4 Q cm, for the 70, 50 nm,
and 1 pm wide Cu wires, respectively. The resistivity of Cu increased as the line
width decreased as shown in Fig. 9b. This result is understood by the Fuchs—
Sondheimer theory for the surface-scattering effect and the Mayadas—Shatzkes
model for the grain boundary effect [29]. No change in the measured resistance
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Fig. 8 a The measured resistances of the 70 nm wide Cu wire are shown as a function of probe
spacing. b The enlargement of the area under 600 nm of probe spacing [29]
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Fig. 9 a The measured resistances of Cu wires are shown as a function of probe spacing for the
500 nm and 1 pm wide wires. b Plot of the resistivity versus Cu line width [29]. The resistivity
coming from the grain boundary scattering is assumed to be constant because the gran size is
roughly independent of the line with in our samples

was found in each measurement before and after repeated contacts of CNT tips. It
means no significant damage on the sample by the probe contacts.

In this experiment, the probe spacing was reduced to the scale which is com-
parable with the grain size. Therefore, it can be expected that there will be some
change in the resistance when the probe spacing becomes so short that electrons do
not undergo grain boundary scattering. This has been indeed observed. Figure 8b
shows the enlarged view of the data shown in Fig. 8a for the probe spacing smaller
than 600 nm. There is a slight jump in resistance when the probe spacing is shorter
than 200 nm. This directly corresponds to the grain boundary scattering where
additional resistance occurs at the grain boundary due to the reflection of electron
wave there.
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6 Concluding Remarks

Electrical measurements using metal-coated CNT tips in the four-tip STM have been
demonstrated for the CoSi, nanowires and Cu damascene wires. Since the apex of
CNT tips is around 10 nm and the aspect ratio is so large, it is able to measure the
resistance at nanoscale surface areas. The minimum probe spacing in the four-point
probe resistance measurement was reduced to a few 10 nm, which is similar or less
than the grain size of polycrystalline wires and even the carrier mean free path. The
resistance along the wires present here increased linearly with the measured length,
meaning classical diffusive transport. But very recently, we have found quasi-
ballistic transport in semiconducting FeSi, nanowires at room temperature where the
carrier mean free path is much longer than that of the metallic wires. The details will
be reported elsewhere. In the case of Cu damascene wires, the resistivity increased as
the wire width decreased. This is due to the surface/interface scattering of carrier. We
have evaluated the surface/interface scattering quantitatively to obtain the specu-
larity factor in Fuchs-Sondheimer theory. At the very narrow probe spacing which
was comparable to the grain size, the resistance jump due to a single grain boundary
was clearly observed. As demonstrated by the measurements presented here, the
four-tip STM with CNT tips is a very useful tool for transport physics at nanoscale as
well as industrial purposes.
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Silicon Surface Conductance Investigated
Using a Multiple-Probe Scanning
Tunneling Microscope

Janik Zikovsky, Mark H. Salomons, Stanislav A. Dogel
and Robert A. Wolkow

Abstract A custom-built multiple probe scanning tunneling microscope (STM)
was used to perform measurements of the surface conductivity of Si(111)-7 x 7
and H-Si(111)-1 x 1 surfaces. Metallic contacts with points spaced <1 pm,
deposited via electron-beam lithography, were used as contact points for two
probes, while a central STM tip imaged the region between the contacts. A novel
imaging method measuring the fraction of the tunneling current flowing to each
contact was used to image surface conductivity with nanometer resolution.
Si(111)-7 x 7 was shown to be significantly more conductive than H-Si(111)-
1 x 1. Additionally, the resistance of single atomic steps on the Si(111)-7 x 7
was imaged using this method.

1 Introduction

Studies of nanoscale entities that might one day be deployed within non-CMOS
architectures to address the shortcomings of that near mature technology remain
topical and challenging. Most exploratory nanoscale electronic schemes, including
molecular electronics, have failed to achieve, or often to consider, the key issue of
connections to the passive or active nanoentity of interest. Independent of the
degree of self-assembly or forced assembly that will be employed in future
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devices, a substantial number of well controlled connections to relatively large
electrodes will be required. In our own work we favor explorations of nanoentities
based on and of silicon [1]. Emerging control over the charge state of single
dangling bonds [2], will allow ultra-efficient (with respect to gate charge) FET-like
molecular transistors [3—5]. Moreover, artificial molecules and quantum-dot cellar
automata-like structures formed of atomic silicon quantum dots can enable room
temperature functioning nanoelectronic devices of extreme lower power con-
sumption [6, 7]. While we have a leaning toward the above areas of study, the
techniques described in this paper may be deployed to assist in the electrical
characterization of a great variety of nanoscale entities.

Scanned probe microscopes can, within limits, image, manipulate and electrically
connect to surface bound entities. But electrical characterization with single probe
instruments is limited and as a result many investigators have been attempting to
build multi-probe instruments. Several home-made and commercial instruments
now exist and more will become available soon. While multiple probes might be very
useful in some preliminary studies, ultimately a surface fabricated connector(s)-
nanostructure assemblage is required to fully characterize a system of interest and
then to eventually deploy it in a practical way. For these reasons we pursue both
lithographic contact and multi-probe scanned probe connection strategies
simultaneously.

In this chapter, we focus on investigating the properties of surface conductance
of two silicon surfaces, Si(111)-7 x 7 and H-Si(111)-1 x 1, using a custom-built
multiple probe scanning tunneling microscope (STM) operating in ultra-high
vacuum (UHV) as well as nanofabricated metal contacts.

2 Methods

2.1 Description of the Multiple Probe UHV Scanning
Tunneling Microscope

Our experiments were performed using a custom-built multiple probe scanning
tunneling microscope capable of ultra-high vacuum (<10~° Torr base pressure).
The heart of the instrument consists of 3 STM scanners on a suspended vibration
isolation table. The central STM scanner consists of a tripod of single-crystal
piezoelectric elements, offering excellent stability, low piezo “creep” and low
cross-talk between scan directions. This scanner is used as our main STM and is
routinely capable of atomic resolution. The left and right scanners are referred to
as “probes” and consist of traditional tube scanners, except that they are mounted
horizontally. These two probes have larger ranges of motion, making it easier to
locate and contact features, but are less mechanically stable, making atomic-
resolution imaging more difficult. The main STM scanner is controlled using a
Nanonis controller and software, whereas the probes use two Createc controllers
and custom software.
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Fig. 1 SEM images of three
STM tips brought in close
proximity, over a pattern of
metal pads. The spacing
between the tips can easily be
reduced to below one micron

Sum BOB8 B8 AFR./89

In addition to the micron-range level of motion of the piezoelectric tube of the
probes, they are mounted on stick-slip UHV coarse movers capable of multi-
millimeter motion in all three directions. The main STM tip is mounted on a coarse
mover capable of only vertical motion (for tip approach). Finally, the sample is
mounted with several millimeters of motion in the X-Y horizontal plane. This
combination of nine coarse movers means that all three tips can be brought in
arbitrarily close to each other (within <1 pm), and close to any point on the
sample’s surface. The nine degrees of freedom of the piezoelectric elements then
allows the tips to come into tunneling distance to the surface and to be placed
within nanometers of each other.

The tip and sample handling system of the instrument is unusual, in that no
holders are used. Instead, bare tungsten wires and bare samples are used. Custom-
built UHV pliers are used to move samples and tips from load-locks to their use
positions. The tips are held in the scanners with metal clips, and samples are held
on a ceramic plate with foil springs.

Avoiding the use of holders has a significant advantage in increasing the
throughput of the instrument: by minimizing the amount of matter that is exposed
to atmosphere before entering the UHV chamber, degassing of tips and samples is
significantly faster. The UHV pliers act as electrical connections that allow us to
run a current through the tip wire or through the Si sample crystal, which quickly
degasses due to its small surface area. Since the pliers are only rarely exposed to
atmosphere, there is no need to degas the sample holder, a task that typically takes
several hours in a traditional STM. Using bare tips and wires, only minutes are
required to prepare a sample or tip for use.

A JEOL UHV scanning electron microscope (SEM) is installed on the instru-
ment and affords us a direct view of the three STM tips (see Fig. 1). Using the
SEM and the coarse movers for the sample and probes allows the user to align all
three probes to a range that is close enough to use the piezoelectric scanners.

2.2 Metal Contacts and Surface Preparation

As mentioned in the previous section, the use of piezoelectric scanners allows us to
bring the three probe tips arbitrarily close to each other, and indeed it is possible to
touch the three tips together. However, the radius of the tips limits the distance at



170 J. Zikovsky et al.

Fig. 2 STM image of a high-
quality Si(111)-7 x 7 surface
(10 nm wide, +2.0 V, 0.1 nA)

which one can image an area of the surface while touching down another probe.
In practice, with etched tungsten tips, it is not possible to image the surface any closer
than ~50 nm from the touch-down point of another tip. To work around this
problem, we developed techniques to deposit or grow elongated metal contacts on Si
surfaces. One technique we have used is the growth of self-formed TiSi islands on
Si(100) and Si(111) surfaces [8, 9]. The results in this chapter, however, used metal
patterns deposited by electron-beam lithography, which we describe next.

2.2.1 Titanium Contacts on Si(111)-7 X 7

Electron-beam lithography (EBL) was used to define a set of Titanium contacts on
a surface of Si(111). A positive photoresist (PMMA 950 A2) was spin-coated to a
thickness of ~90 nm on a cleaned Si(111) wafer. A Raith 150 EBL instrument
was used to write the pattern, using a beam current of ~0.08 nA and a line writing
speed of ~ 1.8 mm/sec. After development in MIBK:IPA, the metal was deposited
using a sputter deposition system with a deposition rate of 0.5 A/s. We deposited
from 30 to 40 nm of Ti. The resist and remaining metal was then lifted-off using a
60°C acetone bath. The SEM image in Fig. 1 shows part of the pattern deposited.

After EBL and metal deposition, the samples were brought into the STM
instrument. Annealing is required in order to clean and degas the crystal; to obtain
the Si(111)-7 x 7 surface reconstruction, a temperature of at least 850°C is typ-
ically required [10, 11]; flashing to higher temperatures helps to remove impuri-
ties. However, we found that excessive heating (e.g. 1200°C) caused the Ti
contacts to break up and form smaller TiSi, islands that were not electrically
continuous. The annealing procedure that we found to give good results consisted
of flashing the crystal to 900°C, then 950°C and finally 1000°C for 5 s with 60 s of
pause between flashes. A final anneal was then produced by lowering the tem-
perature from 950 to 500°C in approx. 2 min. This technique produced high-
quality Si(111)-7 x 7 surfaces (see Fig. 2) without adversely affecting the metal
contact pads.
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Fig. 3 Typical IV curve 5
showing leaky Schottky-like

diode behavior, measured on

a single metal contact on low- 0
doped n-type Si(111)-7 x 7.
The voltage was applied on
macroscopic clips far from
the contact, which was
grounded
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2.2.2 Chromium Contacts on H-Si(111)-1 X 1

Using the same EBL procedure described above, we deposited 20 nm of Cr metal
on a Si(111) wafer. The surface was then hydrogen-terminated using a standard
wet chemical etching technique, as described in [12, 13]. SEM images of the
resulting pattern showed good adhesion of the Cr to the surface after etching.
Previous tests using Ti metal showed that the hydrogen-termination process etched
the metal away; other tests using Pt showed poor adhesion of the metal film. STM
imaging of the resulting H-Si(111)-1 x 1 surface showed that it was of very good
quality, with large flat areas between the metal contacts that could be suitable
experimental sites.

2.3 Finding and Touching Contacts with STM Tips

The STM tips used in this experiment were chemically etched W wires, cleaned in
UHYV by resistive heating to a dull red glow for a few seconds. Additional cleaning
and quality checks were performed using an in situ field-ion microscope (FIM) to
image the atoms at the tip.

The EBL pattern used defines large (1 x 2 pm) contact pads that narrow to two
sharp points (<100 nm in radius) spaced from 20 to 1000 nm apart. The surface of
interest is the area between the contacts; therefore the first step of our three-probe
experiments was to use the SEM and STM together in an iterative fashion to place
the main STM tip in the surface between the two contacts. STM scans of the main
probe revealed the edges of the contacts, confirming the position. Once the main
tip position was known, it was retracted by ~1 pum and the left and right probes
performed large scans so as to find the contact pads. Once a probe was centered
over a metal pad, the feedback loop was turned off and the tip was pushed into the
contact by a fixed distance (typically 10 nm). This established a metal-to-metal
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contact between the tip and the metal pad. A current—voltage (IV) curve was
measured by applying a varying voltage to the sample while measuring the current
flowing to the grounded tip. Figure 3 shows a typical IV curve obtained; the curve
reveals the expected Schottky diode-like behavior of a small metal contact on a
low-doped semiconductor substrate [14]. The probe was pushed in further, in steps
of a few nm, repeating IV curves each time until no change was seen between
curves. At that point we considered that the contact resistance between the metal
tip and metal contact was insignificant and that the IV curve measured was
inherent to the character of the metal-semiconductor contact.

3 Scanning Tunneling Fractional Current Imaging
3.1 Description

In this section, we describe a STM imaging technique that is related to the tech-
nique of scanning tunneling potentiometry (STP) developed by Muralt and Pohl in
1985 [15]. In STP, a potential gradient is applied across two electrodes deposited
on a sample. Using a combination of AC and DC tunneling bias, the technique
effectively measures the potential at the surface immediately under the STM tip.
One can then process the data to form an image of the potential at the surface with
nanometer resolution.

The scanning tunneling fractional current imaging (STFCI) method is a variant on
STP. In a normal STM experiment using our setup, the sample is biased to a given
voltage and the tip is connected to a preamplifier that measures current while acting
as a virtual ground. In STFCI, the STM tip is biased, and both contacts are connected
to preamplifiers that act as virtual grounds (see Fig. 4a). Two tunneling currents are
measured, /4 and I, from both contacts. During a STFCI experiments, the feedback
loop is set to maintain a constant tofal tunneling current I = I, + Ig. During the
scan, both I, and Iz currents, as well as the topography are recorded. We then process
the images to calculate an image of fractional current F 5, where Fq = I /(Ix + I) is
the fraction of current flowing to contact A, and ranges between 0 and 1.

3.1.1 Equivalency to Scanning Tunneling Potentiometry

In this section, we show that, under some assumptions, the fractional current F,
measured by STFCI can be scaled to be equivalent to the measured surface voltage
in a STP experiment. The schematic in Fig. 4c shows the electrical connections
made to a sample in a traditional STP experiment, with the assumption that the
sample is a simple continuous Ohmic resistor split in two parts, R4 and Rp, at the
position of the STM tip. We begin by noting that the resistance of the tunneling
gap, Rg,p, Will normally be in the range of 1 GQ or higher (1 nA at 1 V bias). For
our experiments, this means that Ry,, > R4 or Rg. Therefore, the tunneling current
Lunner 1S negligible. The tip measures the voltage at the surface, labeled V,,
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Fig. 4 a Schematic of the positions of the contacts and tip during a STFCI experiment. The
orientation of the left/right contacts corresponds to what is seen in a STM scan. b Schematic of
the equivalent electrical connections in STFCI. ¢ Schematic of a STP experiment

on the schematic. We can easily calculate that the fraction of measured voltage
versus applied voltage is given by:
Vm _ RB

V. Ry+Rp

Let us now evaluate the currents in a STFCI experiment. Most of the bias
voltage drop V), is through the tunneling gap. There is a small voltage remaining at the
surface under the tip: V,. The currents to probes Aand Bare Iy = V; /R4, Iy = V;/Rp.
The total tunneling current is Iy, = V;/Ryo, With the total resistance given by two

. ~1 . . .
parallel resistors Ry = (Rg1 + Rgl) . With this, we can calculate the fractional
current:

Iy Vi/Ra _ Rp

FA = — = =
Lot  Vi(Ry'+Rg') Ra+Rs

which is the same value as the ration of V,, to V measured in a STP experiment.
Therefore, the fractional current F, found in a STFCI experiment can be directly
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scaled to the voltage that would be measured in a STP experiment. This conclusion
does not depend on the magnitudes of R4 or Ry so long as they are negligible
compared to the tunneling gap. This equivalence also assumes that the material’s
conductivity is Ohmic.

3.2 Results

The Si(111)-7 x 7 surface is a complex surface reconstruction containing 19
dangling bonds per unit cell [16], giving rise to multiple levels inside the band gap
of Si and creating a quasi-metallic 2D conductor [17]. The overall surface con-
ductivity of this surface has been studied in many ways, from 4-point-probe
measurements [18-20] to STM experiments [21, 22]. By contrast, the hydrogen-
terminated H-Si(111)-1 x 1 surface has no dangling bonds and we do not expect
it to contribute to conductivity. We describe below the results of STFCI-mode
experiments we performed on H-Si(111)-1 x 1 and Si(111)-7 x 7 surfaces.

3.2.1 STFCI on H-Si(111)-1 x 1

Using the procedure described above, a hydrogen-terminated Si(111)-1 x 1 sur-
face with Cr contacts was prepared on a low-doped, p-type Si wafer. We per-
formed STFCI in the region between two contacts spaced 400 nm apart. Figure 5a
shows the fractional current image between the contacts. As the cross-section in
Fig. 5b shows, the fraction of current flowing to contact A increases smoothly as
the STM tip moves closer to the given contact. Away from either contact, the
expected linear Ohmic behavior is observed, whereas curvature in the F4 curve is
seen close to the contacts where geometric effects become significant. A finite
element model simulation of this situation, performed using COMSOL
Multiphysics software, predicted very similar behavior (not pictured).

3.2.2 Forming Si(111)-7 X 7 on a H-Si(111)-1 X 1 Surface

If a H-Si(111)-1 x 1 surface is heated sufficiently, it desorbs its surface hydrogen
and will reconstruct into Si(111)-7 x 7. We performed local H desorption by
flowing a current through the Cr contacts (1 mA for 60 s). Figure 6 shows the
result of this localized heating. As one would expect given the geometry of
the contacts, the highest current density and therefore the highest temperatures
were achieved nearest the contacts. Figure 6a shows a STM image (performed in
STFCI mode) near one of the contacts. A “bright” patch, approximately 60 nm
wide, is seen near the contact. The close-up view in Fig. 6d shows that the surface
appears brighter because it has lost its hydrogen and has partially reconstructed in
a 7 x 7 pattern; other images taken away from this bright region showed the
unmodified H-Si(111)-1 x 1 surface.
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Fig. 5 a Fy, fraction of current going to contact A (upper right). Color scale: 0.2-0.9. b Cross-
section of F, along the red bar in (a), from lower left to upper right

The results from fractional current imaging for this composite surface are very
interesting. Fig. 6b and ¢ show that F, barely changes in the desorbed region—
changing by <0.01 over 60 nm. By contrast, over the hydrogen-terminated sur-
face, F4 changes by 0.13 over the same distance. This indicates that the resistivity
of the surface of the desorbed region is significantly lower than that of the
hydrogen-terminated region. The approximately linear change in F, in the
H-terminated region indicates that the surface contributes little or nothing to
conduction, which is there dominated by bulk conductance. By contrast, in the
desorbed region, the conductance at the tip is dominated by that of the surface.

3.2.3 STFCI across Steps on the Si(111)-7 X 7 Surface

If the Si(111)-7 x 7 surface is a significant conductor, then it follows that the steps
on its surface would be measurable breaks in conduction. Such an effect has
previously been observed on single atomic steps of the much more conductive

Si(111)-(v/3 x v/3)-Ag surface [23, 24]. To the best of our knowledge, the
resistance of a step on the Si(111)-7 x 7 surface has not been observed previously.

Our initial attempts used EBL-defined contacts that were annealed at a high
temperature. Unfortunately, we observed that large “bunches” of several steps
separated the contacts after annealing. The majority of the change 4, would occur
at these step bunches, making the effect of a single step difficult to observe.
Therefore, we instead used a low-doped n-type Si(111)-7 x 7 surface prepared
without any metal contacts. The two probes (contacts A and B) were touched down
directly onto the Si(111) surface, spaced approximately 100 um apart. The main
STM tip was placed very close to contact A. Figure 7 shows the result of a scan
taken in STFCI mode; contact B is located near the bottom left corner of the
image. Figure 7a shows the topography scan, with several terraces separated by
single steps. The corresponding F4 image in Fig. 7b shows that these terraces have
distinct values of F; the largest change in F4 occurs at step edges, which must be



176 J. Zikovsky et al.

0.35

o

50 100 150 200
Position (nm)

Fig. 6 STFCI image showing the higher conductivity of a patch of Si(111)-7 x 7 desorbed on
low-doped, p-type Si(111)-1 x 1. 300 nA, +2.0 V tip bias. a Topography view, 200 nm wide.
b F, image, color scale: 0.3-0.7. ¢ Cross-section of F4 taken along the red box in (b). Inset F4 in
the 7 x 7 region. d STM image taken in the desorbed region (20 nm wide)

Fig. 7 STFCI experiment showing a few monoatomic steps on Si(111)-7 x 7 (250 nm wide,
+2 V, 300 pA). a Topography view with numbers indicating the height of each terrace
(in monoatomic Si(111) steps). b Corresponding F4 image. Color scale: 0.08-0.16
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Fig. 8 STFCI measurement of a single monoatomic step on a Si(111)-7 x 7 surface.
a Topography (20 nm wide, +2 V, 300 pA). b Fy4, color scale: 0.06-0.11. ¢ Cross-section of
z and F, along the red bar in (a), averaged over 5 nm width with 5 nm smoothing. The grey bar
indicates the region around the step

significantly more resistive than the terrace. This is highlighted in Fig. 8, a STFCI
measurement of a single monoatomic step on Si(111)-7 x 7. The cross-section of Z
and F4 in Fig. 8c shows a clear step in F4 corresponding with the monoatomic step.

4 Conclusions

We have demonstrated the use of a custom-built, 3-probe UHV STM in studying
the conductivity of Si surfaces. EBL-defined metal contacts were deposited on Si
surfaces so as to allow biasing surfaces at distances of only a few nanometers
from an STM tip position. The use of the scanning tunneling fractional current
imaging technique allowed direct visualization of the conductivity of a sample
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with nanometer spatial resolution. On a terminated H-Si(111)-1 x 1 surface,
an expected Ohmic pattern of conduction was seen. When a patch of hydrogen was
desorbed via resistive heating, the fractional current image showed that the des-
orbed region (consisting of partially reconstructed Si(111)-7 x 7) was far more
conductive than the surrounding H-terminated region. On a Si(111)-7 x 7 viewed
in STFCI mode, we observed that the largest change in F4 occurs at the step edges;
using this method we were able to observe the resistivity of a single monoatomic
step on Si(111)-7 x 7 for the first time.
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Atomic-Scale Devices in Silicon
by Scanning Tunneling Microscopy

J. A. Miwa and M. Y. Simmons

Abstract The ability to control matter at the atomic scale and build devices with
atomic precision is one of the core challenges of nanotechnology. In this chapter,
we outline a complete fabrication strategy for building atomic-scale devices in
silicon with atomic precision in all three-dimensions. Using scanning tunneling
microscopy (STM)-based lithography we have imaged and placed phosphorus
dopant atoms in precise locations on a silicon surface before encapsulating them
with silicon using low temperature molecular beam epitaxy to activate the dopants.
Etched registration markers allow us to locate and align external electrical contacts
to the buried STM-patterned dopant atoms so that we can perform electron
transport measurements outside the microscope at cryogenic temperatures. Using
this unique strategy we discuss the realization of conducting nanoscale wires,
tunnel junctions and all epitaxial single electron transistors. Finally we provide an
outlook to achieving truly single atom device architectures toward our ultimate
goal of realizing a silicon-based quantum computer.

1 Introduction: Single Atom Device Architectures

Dopants play a critical role in information technology as charge providers that
modify the electronic properties of semiconductor materials. As societal demands
drive the miniaturization of semiconductor devices toward the atomic scale,
transistor characteristics are no longer determined by a distribution of dopants,
but by single dopants within the device [1-3]. The exact location and number of
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Fig. 1 A schematic of the
Kane nuclear spin quantum
computer: the red-colored
3P atoms are strategically
placed ~20 nm apart within
a single-crystal silicon host
(gray). A- and J-type surface
gates (gold) are deposited
on an oxide barrier (blue)
directly above/between the
individual P donors,
respectively

dopants within a transistor are known to severely affect device behavior [4]. As a
consequence, there is a growing demand to achieve atomically precise placement
of individual dopants within a device.

Concurrently there have been proposals to use single dopants as fundamental units
for quantum information processing. One immensely attractive proposal is the solid-
state implementation of a scalable silicon quantum computer [5]. In a quantum
computer, the classical bits are replaced by a robust two-level quantum system, known
as a quantum bit or qubit. The field of quantum computation has exploded, since its
inception circa 1982 [6], with the development of dedicated quantum algorithms,
including the prime factorization of large numbers [7, 8] and exhaustive search [9]
algorithms. These are not just mathematical curiosities; in future, quantum computing
promises to impact key technologies, including database searching, information
processing, storage, cryptography, communication, simulation and metrology.

Interestingly, the quantum mechanics governing quantum computation are
universal and therefore independent of the physical implementation of the quan-
tum computer. As a consequence, a vast number of qubit architectures have been
proposed in a diverse range of material systems [10]. In 1998, Bruce Kane outlined
a scalable quantum computer architecture that exploits the nuclear spin of phos-
phorus (P) donors in silicon (Si) [5]. Here, information is encoded on the nuclear
spin states of *'P donor atoms encased in an isotopically enriched *Si host matrix.
Since then, related donor architectures have been proposed that employ either the
donor electron spin [11, 12] or charge [13] as the qubit. In general, donor-based
silicon qubits are promising because of their long electron and nuclear spin
coherence times [14, 15], i.e. the amount of time that the encoded information
persists before the qubit superposition state interacts destructively with its envi-
ronment. Recent studies have demonstrated electron and nuclear coherence times
in the range of 3-10 s [15, 16]. Their resilience is a result of a low natural
abundance of 2%Si nuclear spins and weak spin—orbit coupling [5].

Originally Kane envisioned a silicon-based architecture in which an array of P
donors were buried in a Si host matrix with surface A- and J- control gates,
deposited on an oxide barrier directly over the donor array (Fig. 1). Here,
a quantum calculation is achieved by suitably biasing these surface gates, with the
application of a global oscillating magnetic field. The A-gates serve to controllably
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modulate the strength of the hyperfine interactions, i.e. the extent of the electron
wavefunction at the nucleus, thereby altering the resonance frequency of its
nucleus [17]. Due to the close proximity of the donors (~20 nm), two nuclear
spins can interact with the same electron and it is the J-gates that turn off and on
this electron-mediated nuclear spin coupling [18]. Logical operations are per-
formed using the electric fields provided by these surface gates while the external
oscillating magnetic field flips the nuclear spins at resonance, and essentially
dictates the speed of the logic operation. This silicon-based quantum computer
concept is elegant, but requires the notoriously difficult task of patterning indi-
vidual dopants with atomic accuracy within a silicon host matrix, registered to
surface control gates. A critical question is how to control matter at the atomic
scale to achieve this device architecture.

The early 1980s welcomed the invention of the scanning tunneling microscope,
enabling individual atoms on a surface to be resolved [19, 20]. This instrument
garnered creators, Gerd Binning and Heinrich Rohrer, the Nobel Prize and ushered
in a new era of surface science. In 1990, Eigler and Schweizer demonstrated the
atomically precise manipulation of single xenon atoms on a nickel (110) surface
by spelling out their company logo, IBM, using a STM tip [21]. This feat has since
paved the way forward for numerous achievements over the past three decades in
STM tip engineering of atomic-scale structures on metallic surfaces [22-25].
However it is not easy to transfer this capability to the technologically relevant
surface of silicon, where relatively stronger molecule-surface interactions prevail
and severely hamper atomic manipulation.

One successfully adopted approach to manipulate atoms in silicon is STM-based
lithography, developed in the 1990s by Lyo and Avouris [26] and Lyding and
Tucker [27]. Analogous to conventional optical lithography, this method involves
the use of a monolayer of hydrogen ‘resist’ in which individual hydrogen atoms can
be selectively removed by a STM tip. Here atomic-scale templates of highly reactive
dangling bonds sites on the silicon surface can be created and subsequently func-
tionalized with various atomic and molecular adducts [27-31]. Following this,
several groups proposed the possibility of using this technique toward the realiza-
tion of atomically ordered structures for potential device applications [28—33]. Our
group has since gone on to combine STM-lithography with low temperature
molecular beam epitaxy [34, 35] to realize a complete fabrication scheme for
atomic-scale devices in silicon. We have employed an etched-based registration
marker scheme in silicon [36, 37] to electrically contact atomic-scale devices once
they are removed from the ultra-high vacuum (UHV) environment of the micro-
scope. Encapsulating the dopants in epitaxial silicon ensures the donors reside in a
single-crystal silicon environment thereby preventing the interaction of the pat-
terned dopants with surface states. The clean and durable registration marker
scheme, designed to seamlessly integrate with the STM-based lithographic process,
is used to contact the atomic-scale device so that it may process electronic inputs
from the macroscopic world. This chapter provides an in-depth description of this
unique atomic-scale device fabrication scheme, showcases exemplary dopant-based
devices, and demonstrates the necessary steps to reach the single donor limit.
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2 A Complete Atomic-Scale Device Fabrication Strategy

Over the last 10 years, our group has successfully developed and refined a
complete atomic-scale device fabrication scheme in silicon [36—41]. Notably, the
work includes the following achievements in device fabrication:

e The development of UHV-compatible registration marker scheme for aligning
ex-situ surface electrodes to the atomic-scale device buried in a single-crystal
silicon host [36, 37]

e A detailed atomistic understanding of the doping process, i.e. the surface
chemistry of PH; on Si(001) and how to controllably incorporate single dopants
in silicon with atomic precision [38, 42, 43]

e Hundred percent electrical activation with minimal diffusion and segregation
of the dopants by optimizing the low temperature MBE silicon overgrowth
[34, 44-46]

Our fabrication process flow is depicted in Fig. 2 and STM images of the UHV
steps are shown in Fig. 3.

2.1 Registration Markers Used to Locate Devices

Registration markers, patterned by either optical or electron beam lithography, are
first etched directly into the surface of a nominally flat Si(001) substrate (Fig. 2a).
These markers serve ultimately as in situ guides during STM-lithography and as
alignment makers for ex situ deposition of surface electrodes [36, 37]. Under UHV
conditions, the registration maker sample surface is atomically reconstructed by
heating to 1100°C for 10 s (Fig. 2b). These registration markers are remarkably
robust and are able to survive these high temperature treatments. Moreover, the
registration marker fabrication process does not contaminate the surface so that we
can routinely achieve low defect density Si(001)-2 x 1 surfaces, as shown in
Fig. 3a. The highly reactive Si(001) surface is then capped with atomic hydrogen,
from a thermal cracking source, to produce a uniform monohydride phase that acts
as resist for subsequent STM-lithography (Fig. 2c).

2.2 Atomically Precise Lithography

Following hydrogen termination of the Si(001) surface, the STM tip is used to
selectively desorb hydrogen atoms by applying appropriate tunneling parameters
(i.e. sample bias and feedback current) [27]. Field emitted electrons can stimulate
desorption of molecular hydrogen by either an increase in electron kinetic energy
or electron current; the prevailing mechanism depends on the tunneling
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Fig. 2 Schematic of our unique, atomic-scale device fabrication strategy. a We begin with
a clean registration marker sample. b The surface is flashed to high temperatures to promote
a 2 x 1 surface reconstruction. ¢ The surface is then passivated with atomic hydrogen (blue).
d The STM tip is used to locally desorb regions of the hydrogen resist. € The surface is then
dosed with phosphine gas which only adsorbs to the exposed and highly reactive Si surface.
f The sample is then gently heated to ~350°C to promote incorporation of P dopants (red) into
the surface. g The dopants are then encapsulated with epitaxial Si grown by low temperature
silicon molecular beam epitaxy. h Surface metal electrodes (gold) are aligned to the buried
STM-patterned dopants (red) after removing the sample from UHV
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Si adatom
chains ™

Fig. 3 STM images acquired during device fabrication. a The clean starting Si(001)-2 x 1
surface clearly showing S, and Sp type terraces. A high resolution image of the reconstructed
surface is shown in the inset. A typical dimer vacancy (DV) defect is highlighted at the center of
this image. b The lithographically patterned region of the surface (lower right of the image)
showing that the desorbed region appears bright in comparison to the surrounding hydrogen
terminated surface. Some dangling bonds (DB) are visible. ¢ The same area after dosing with
phosphine gas. Both PH, and PH fragments are visible within the desorbed area. d The presence
of Si adatom chains indicates successful P incorporation

parameters used [27]. Upon hydrogen removal, an atomically flat Si(001)-2 x 1
surface is exposed (Fig. 2d). Relatively low biases (~2-4 V) and high tunneling
currents (~10-15 nA) generally produce exceptionally fine lithography with
minimal spurious hydrogen desorption due to stray electrons from the STM tip.
This is demonstrated in the STM images of Fig. 3b where a distinct boundary and
low density of dangling bonds outside of the pattern are observed. Here, the
desorbed areas appear brighter than the surrounding hydrogen termination due to
additional contributions to the tunneling current from Si surface states [47].
Employing high biases (~5-7 V) and low currents (~3-5 nA) reduces the
achievable resolution at the pattern edges but increases the overall desorption
efficiency (i.e. dose). These tunneling parameters are thus better suited for
desorbing micron-size regions where atomically sharp pattern edges are not
requisite. The flexibility and potential for unprecedented lithographic resolution
(e.g. 3.8 A on Si(001)) afforded by the hydrogen lithography technique are ideally
suited for its use in the fabrication of atomic-scale devices.
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2.3 Controlled Incorporation of Phosphorus Dopants in Silicon

After the desired structure is patterned by STM-lithography, the highly reactive
silicon surface is exposed to saturation dosing of the gaseous dopant precursor
molecule, PH;3 (Fig. 2e). The surface chemistry of PH; on the clean Si(001)
surface is well-documented [42, 43, 48, 49] and proceeds as follows:

PH3q5) — PHo+ H — PH + 2H — P + 3H — P(incorp)

Upon adsorption at room temperature, PH; undergoes a series of successive
dissociations until it loses all of its three hydrogen atoms. During the initial dosing
step, PH; datively bonds to the surface and immediately dissociates to PH, + H.
The PH, fragments further dissociate to PH + 2H on the order of minutes [42]. PH
then undergoes a final dissociation step to P 4+ 3H. The STM image shown in
(Fig. 3c) was acquired only minutes after dosing and thus both PH, and PH frag-
ments can be discerned. Thermal activation is required to promote the incorporation
of the P atom into the top layer of the Si surface, ejecting a Si atom in the process
(Fig. 2f). These ejected Si atoms then form 1D chains that assemble perpendicular
to the underlying dimer rows [46], as shown in the STM image of (Fig. 3d). These
chains are useful indicators of successful donor incorporation [38, 46].

PH; molecules adsorb only to the exposed silicon surface and not to the
hydrogen resist layer. Across the edges of the STM-pattern, the doping concen-
tration thus decreases precipitously by six orders of magnitude from 10%' to
10" ¢cm ™, leading to atomically sharp confinement of the dopants [50]. Impor-
tantly the hydrogen resist remains intact during the incorporation anneal and the
integrity of nano-patterned dopants is maintained.

2.4 Silicon Encapsulation and Dopant Activation

Once the donors have been incorporated, the patterned region is subsequently over-
grown with ~ 25 nm of epitaxial silicon which serves to (i) fully activate the donors,
and (ii) eliminate the influence of surface defects (Fig. 2g and h). While P dopants are
known to segregate upwards during Si encapsulation, the low thermal budget
(~250°C) keeps vertical dopant segregation to a minimum. We have carried out
detailed studies of the overgrowth to maximize the doping sheet density to 2 x 10'*
cm ™2 [45, 46] and minimize dopant segregation to an upper limit of 6 A [44, 45].

3 Atomically Fine Wires

Having developed a complete device fabrication strategy, initial studies focused
on the characterization of a series of quantum wires with widths ranging from
90 nm down to 7 nm [39, 40, 51]. Nanowires are an elemental building block of
atomic-scale devices as they serve as both electrical leads and interconnects,
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(b) 300
150

Fig. 4 Atomic-scale wires realized by STM-lithography a An STM image of a 50 nm wide and
310 nm long wire patterned by STM-lithography. b Current-voltage characteristics for 90, 50 and
27 nm wide wires. Notably, they all exhibit Ohmic behavior even at these nanometer length scales.
¢ Using the STM we are able to realize wires that are two dimer rows wide (fop). After PH; dosing
(bottom) we observe both PH, and PH fragments within the template. Figure adapted from [54]

as well as providing an interesting system in themselves to study. A STM image of
an exemplary ~50 nm wide nanowire is depicted in Fig. 4a.

By performing constant current imaging tunneling spectroscopy (CITS) on the
buried nanowires we were able to confirm their structural quality, in particular, their
uniformity and the minimal extent of lateral dopant diffusion from the atomically
precise regions defined by STM-lithography [41, 51]. Ex-situ electrical measure-
ments at 4 K demonstrated that individually contacted nanowires exhibit Ohmic
behavior [51]. From the IV characteristics shown in (Fig. 4b), four-terminal resis-
tances from tens to hundreds of kQ were determined depending on the wire width.
We note that these nanowires are highly planar with conduction spanning less
than a few atomic planes allowing us to achieve low 2D resistivities on the order of
10~® Q cm. For device applications, a low resistivity is desirable to avoid resistive
heating during low temperature measurements and to allow for fast operation of
the devices. Using STM-lithography we are able to define nanowires that are only
two dimers (~1.5 nm) wide (Fig. 4c). More recent results have shown that
we can maintain low resistivities all the way to this length scale [52]. This demon-
strates the suitability of these nanowires as electrical leads and interconnects in
atomic-scale devices. We have also adapted this technology to produce highly doped
nanowires in Ge [53].

4 An All Epitaxial Silicon Quantum Dot

The STM-based approach to fabricating atomic-scale devices has led to the
successful realization of individual device components, such as tunnel gaps [55]
and nanowires [39, 41, 51]. However, a major roadblock toward the pursuit
of broader applications of this technology is the ability to electrically gate
and control resistances within devices. In this section, we present the first
controllably gated dopant-based quantum dot device engineered using this unique
fabrication strategy.
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Fig. 5 a A composite STM image of the 5 terminal all epitaxial quantum dot. The three in-plane
gates (PG, T1 and T2) are used to tune the electron number on the top hat-shaped dot located at the
center of the image. b Clear Coulomb oscillations are observed as the PG is swept over a range of
accessible voltages (fop). Similar current versus gate voltage measurements were made using a top-
gate (bottom). In the latter case, the signal is noisy due to interface-related defects. ¢ Colormap
showing the differential conductance as a function of Vsp and Vpg. Figure adapted [57]

Quantum dots are typically small regions confined in three-dimensions within a
semiconductor material. They have been a topic of much interest over the past two
decades because they manifest a wide range of quantum phenomenon due to their
small size. In particular they have a quantized energy spectrum, not unlike real
atoms, and are thus referred to as ‘artificial atoms’ [56]. But more intriguingly,
quantum dots cannot only be studied by their interaction with light, in the same
manner as real atoms, but by their ability to carry an electronic current. Conse-
quently, an interesting challenge is to connect current and voltage leads to measure
their atomic states.

By further restricting our planar 1D P doped nanowires to OD, we can fabricate
‘planar islands’ of P donors, and study their quantum properties. A composite
image of an STM-engineered multi-terminal quantum dot device is shown in
Fig. 5a, with integrated donor-based in-plane leads and gates [57]. A large top hat-
shaped dot is situated between exceptionally fine (~4 nm wide) source and drain
leads. The leads are separated from the dot by ~8 nm wide tunnel gaps. The
plunger gate (TG) along with two additional gates (T1 and T2) serve to tune the
electrochemical potential of the dot and modulate the tunnel barriers, respectively,
thereby controlling the transport of quantized amounts of charge on and off the dot.
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The transport properties of this device were measured at mK temperatures.
At these low temperatures, the silicon substrate becomes insulating due to carrier
freeze-out, and thus acts as both a tunnel barrier between the dot and the leads and
as a gate dielectric. Tunneling of a single charge on or off the dot will change
the electrostatic energy (i.e. charging energy, E.) of the dot by a discrete value.
The plunger gate, however, modulates the electrostatic energy of the dot in a
continuous manner such that the electrochemical potential of the dot is tuned into
resonance with either the source or the drain, resulting in charge tunneling on or
off the dot. These charge fluctuations, referred to as Coulomb oscillations, can be
measured as we plunge the voltage on the gate [56]. From the plot shown in
Fig. 5b (top), we can see peaks in the conductance when the dot and lead energies
are aligned at the same energy allowing electrons to hop on and off the central dot.
We also fabricated a surface top-gate aligned above the buried quantum dot on the
same device and used this to measure the Coulomb oscillations as seen in Fig. 5b
(lower). Due to the stronger capacitive coupling we are able to tune the number of
electrons on the dot by a factor of ~10 larger than with the in-plane gate.
However, there was also a reduced signal-to-noise ratio and the gate was observed
to be more hysteretic than the in-plane gate. This highlights the overall stability of
our in-plane gating scheme, where the gates are themselves made of epitaxial
silicon with no interfaces present. In the long term we envision combining both
in-plane and surface-gated [58] device architectures for maximum device tunability.

By repeating the in-plane gate sweeps for different source-drain biases we can
build up a 2D color map known as a stability diagram for this quantum dot device,
see Fig. 5c. The dark Coulomb diamonds are regions were the current is blockaded
since the electrochemical potentials of the dot and leads are misaligned. The
charging energy of the dot can be determined from the height of the Coulomb
diamonds; for this device it is ~3.3 meV [57]. Notably, the height of the dia-
monds remains constant over the entire accessible gating range (—300 to 250 mV).
This indicates that the dot behaves classically, where the change in the number of
electrons on the dot does not change its physical size and thus quantum corrections
to the charging energy are negligible. This is not surprising because the number of
electrons on the dot is ~4000 based on the electron density of a Si:P delta layer
[45, 46] and the dot area. Importantly, this device has opened the door to controlled
scaling of silicon devices toward the single donor limit.

5 Downscaling Devices: A Few Electron Silicon
Quantum Dot

In order to create a smaller dot that operates in the quantum regime, the dot
architecture was optimized so that despite smaller gate areas we could maintain
capacitive coupling to the dot while increasing the gating range, i.e. controllability,
of the device [50]. An STM overview of a few donor device is presented in
Fig. 6a. Similar to the previous device structure, the dot is coupled to coplanar
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Fig. 6 a STM image of a 7 donor dot after STM-lithography. b A close-up image of the
patterned dot region which contains 46 contiguous dimers. This area is estimated to contain
6 = 3 P dopants. ¢ The height of the Coulomb diamonds decreases dramatically in the
conductance versus gate voltage plot. d Close-up of one of the charge transitions which reveals a
surprisingly dense set of resonances spaced ~ 100 peV apart. Figure adapted [50]

source and drain leads (~ 5.5 nm wide) via tunnel gaps of ~ 10 nm. In contrast,
only two in-plane gates (Gl and G2) were patterned and deliberately misaligned
with respect to the dot. Gate G1 was patterned closer to the drain than the source,
enabling the ratio of the tunnel rates between the dot and each of the leads to be
controlled by the voltages VG1 and VG2 [50]. In this latest design we were able to
extend the gating range to ~2 V.

From the stability diagram shown in Fig. 6c, the height of the diamond changes
dramatically over the entire gating range, as we deplete electrons from the dot. This
quantum behavior is only possible when the dot is in the few electron limit where
changing the number of electrons on the smaller dot has a big impact on its overall
physical size. This observation is not surprising since, as seen from Fig. 6b, we have
significantly reduced the size of the dot. The lithographic dot region contains 46
contiguous dimers and thus holds an estimated 6 + 3 phosphorus dopants.

On closer inspection of the stability diagram, the data reveals a rich set of
conductance resonances that manifests as bright lines of increased conductance
running parallel to the diamond edges. Despite fabricating a smaller dot, where
one might expect the spacing between the quantum confined energy levels to
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increase, we observe that these excited state resonances are surprisingly close
together, being ~ 100 peV apart. We can estimate the energy level spacing,
AE expected for this dot from the lateral quantum confinement, AE = n/i* /m*A,
where A is the dot area for a dot diameter d = ~4.6 nm, m* = 0.28m, is the
effective mass of silicon and where the dot has a degeneracy, the product of the spin
and valley degeneracies g = 12. We find 4E to be ~ 10 s of meV [50, 56] in sharp
contrast to the experimentally measured energy level spacing. Another possible
source of these closely spaced resonances could be due to the strong lateral con-
finement of the lead states giving rise to density of states (DOS) fluctuations in the
leads [59]. However, again we find a mean energy spacing of ~ 10 s of meV. Both
these values are much larger than the 100 peV observed in the experimental stability
diagram, and therefore cannot be the source of these excited state resonances.

The band structure of our highly doped atomically thin layers of phosphorus in
silicon is another source of these excited state resonances. The conduction band of
silicon is six-fold degenerate, i.e. 2 gamma (I")-bands and 4 delta (A)-bands [60].
The degeneracy of the I'-bands is lifted by the strong vertical confinement of the
dopants to a single atomic plane. The energy splitting of the A-bands is essentially
determined by the sharpness of the lateral confinement of the nano-scale size of
the dot [61]. Thus, it is likely that the observed excited states arise from the many
possible filling combinations of the valence electrons in the A-bands. Using a
multi-electron, multi-valley effective mass approximation, energy levels for all
different combinations of donor and electron numbers on the dot, consistent with
the 6 £ 3 dopant number predicted by STM, were computed [50, 62]. The best
match to the experimental data with the 100 peV energy level spacing (Fig. 6d)
corresponded to a 7 donor dot at the seventh to eighth electron transition. This
result confirms that valley splitting in silicon can be significant if we engineer
devices with atomically abrupt dopant profiles.

6 Outlook: Toward the Silicon Donor Limit

In this chapter, we have demonstrated the successful implementation of this unique
approach for fabricating devices that operate in both the classical and quantum
regimes. More recently, we have pushed this to the single donor limit. To reach
this goal, we have combined our STM-lithography capabilities with a detailed
knowledge of the surface chemistry of phosphine on silicon and extensive device
modeling. As previously outlined, phosphine requires a minimum number of dimer
sites for the complete dissociation and incorporation of a single P atom into the
Si(001) surface [38]. It is a very simple but elegant reaction that fulfills our
requirement to deterministically place an individual P dopant with an astonishing
accuracy of £1 atomic lattice spacing. As shown in the first panel of Fig. 7,
we can use STM-lithography to open up a small desorbed region that is ~1 nm in
length. This patch is able to accommodate the entire reaction pathway, as illus-
trated in the center panels. The same area is then imaged after our dosing and
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Fig. 7 Controllable incorporation of a single P atom in silicon with an accuracy of 1 atomic
lattice spacing. The first panel shows an image of ~ 1 nm long patch defined by STM-lithography.
The dissociation and incorporation pathway of a single PH; molecule within the patch is illustrated.
The final panel shows the same area after dosing and incorporation. A Si adatom is visible at the
location of the patch indicating successful incorporation of a solitary P dopant

annealing steps, and is shown in the final panel. The small bright feature centered
at patch location is an ejected Si adatom, the tell-tale sign of an incorporated P
atom. Notably, dangling bond sites do not react with PH; molecules impinging on
the surface; leaving the area surrounding the desorbed region bereft of stray
phosphorus dopants [43].

7 Summary

To date we have developed a complete and unique strategy for fabricating
atomic-scale devices in silicon. We have fabricated elemental device components
and shown how they can be electronically controlled using novel, all epitaxial
in-plane gates. Furthermore, we have demonstrated all the necessary steps for the
realization of a fully functional, deterministically placed single atom transistor in a
single-crystal silicon environment. These results open the door to the exciting
possibility of creating atomic-scale device architectures in silicon and their scaling
up for broader applications in quantum information processing.
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C. A. Bobisch, A. M. Bernhart, M. R. Kaspers, M. C. Cottin,
J. Schaffert and R. Moller

Abstract A scanning tunneling microscope with several tips is ideally suited to
analyze the electronic transport through objects on the nanoscale. Two different
configurations will be discussed. The lateral transport of electrons may be studied
by using two tips to drive a current parallel to the surface. A third tip enables to
map the corresponding electrochemical potential u... Measurements for a 2D
conducting layer will be discussed. To analyze the transport perpendicular to the
surface, a thin metallic layer is placed on a semiconducting surface. At the
interface a Schottky barrier is formed, which can only be overcome by electrons of
sufficient energy. This may be used to split the tunneling current coming from the
tip of the microscope, into the ballistic electrons and the electrons which under-
went inelastic scattering processes. This technique has been applied to study the
ballistic transport of electrons through a thin epitaxial Bi(111) layer as well as
through individual molecules.

This chapter is divided into three parts. The first covers the lateral transport of
electrons within a surface while the second and the third part focus on the elec-
tronic transport perpendicular to the surface.

1 Local Potentiometry at a 2D Electron Gas

Scanning Tunneling Potentiometry (STP) was developed by Muralt and Pohl in
1986 to study the electric transport in a conductor [1]. It allows analyzing the
potential distribution at the surface while a lateral current is applied to a
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Fig. 1 Scheme of the
experiment: a thin conducting
layer, e.g., bismuth is
prepared on a Si-substrate.
The left and the right tip are
in contact to the layer
applying a current through
the metal layer. The resulting
potential distribution U(x, y)
is measured by the STM tip in
the middle by adjusting the
potential applied to the tip
such that the average
tunneling current vanishes

conducting sample. The method is based on scanning tunneling microscopy (STM)
[2, 3] providing simultaneously real space images of the potential distribution and
the surface topography. A review on STP by Baddorf [4] summarizes the work
done in this field. For high resolution studies an almost perfect surface is required
for an unambiguous interpretation of the potentiometry data. This points to the
necessity to prepare and to analyze the samples as well as the tips in ultra-high
vacuum (UHV), imposing significant challenges to the experimental setup. So far
only a few UHV experiments with sufficient good film quality are reported [5].

The scheme of the STP experiment is displayed in Fig. 1. Contacts to the metal
film are provided by the left and the right tip, which are gently pushed into the
surface and a voltage Uy, is applied leading to a lateral current in the surface.
To evaluate the distribution of the electrochemical potential, which is associated to
the current flow along the surface of the conducting film, an STM tip (middle) is
brought into tunneling regime to the surface. It scans across the sample surface and
simultaneously maps the topography and the local potential distribution pe.(x, y).

The electric circuitry of our STP is very similar to the configuration which was
proposed originally by Muralt and Pohl. The tunneling current is measured with a
current-to-voltage converter (IVC) with a conversion factor of 10° V/A. Its output
is connected to two feedback loops. Since an additional small ac-voltage is applied
to the tip, the distance between tip and sample surface can be adjusted by the
ac-component of the tunneling current as in normal STM operation.

To evaluate the local potential of the sample at the position of the tip, the
scheme of a Wheatstone bridge is applied. If the potential at the tip matches the
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one at the potentiometer, the dc average of the tunneling current vanishes. The
adjustment of the bridge, can be performed electronically by integrating the
(dc-component of the) tunneling current. Details of the methods are described in
Ref. [6].

Our study is performed on the silver induced V3 x V3 superstructure on the
Si(111) surface. It is formed by covering the surface of a (111) oriented silicon
single crystal with a monolayer of silver. As shown by photoelectron spectroscopy
and scanning tunneling spectroscopy (STS) the reconstruction yields a partially
occupied electronic surface state providing a sufficient conductivity directly
accessible at the surface. Electrons in this state behave as a two-dimensional free
electron gas (2DEG). Especially on n-type silicon charge transport through
the 2DEG is electrically isolated from the bulk states of the silicon by a space
charge layer. The experiments were performed in situ in UHV.

The samples were prepared from n-type (phosphorus) Si(111) wafers with a
specific resistivity of 130 Q cm. Wafers with a miscut of 0.5° were chosen, leading
to rather parallel steps with a density of about 30 steps/um. As can be seen by the
insets in Fig. 2b and e the lateral current was applied by two gold tips of a three
probe scanning tunneling microscope, which were brought into contact with
metallic silver islands in close vicinity (50-300 pm). The handling was controlled
by means of a scanning electron microscope (SEM) with a resolution better than
100 nm. Prior to the presented experiments the macroscopic resistance was
evaluated as function of the contact probe spacing confirming transport within a
two-dimensional system. Figure 2a displays the geometric structure of an area of
1.2 x 1.2 pm?% Most of the steps visible correspond to monoatomic steps. About
one-third of them correspond to double steps and a few to threefold steps.
The terraces in between the steps are atomically flat.

Figure 2b and ¢ shows that the local electrochemical potential p. sTp measured
simultaneously to the data of Fig. 2a exhibits only a minor monotonous gradient
constant on the terraces and varies abruptly at the step edges.

Figure 2d shows cross sections of the topography and p.. srp-data at a par-
ticular step. The variation of p.. stp is monotonous and occurs within 6 A
(20-80%). The transition is displaced relative to the step by about 12 A.

The observation of constant values of p.. stp on the terraces and abrupt
variation at the steps proves that the current transport is restricted to a 2D-layer at
the surface and is not much bypassed via the silicon substrate. Probing fi.., stp
at the same step for different current densities as well as for the opposite direction
of the current reveals a linear response.

To analyze the relation between the electrochemical potential and the current
density at any position of the surface, an iterative numerical procedure was applied
to the data, using the equations divj = 0 and Ohm’s law j = & V.. s7p(%,¥).
The first guarantees the continuity of the current and the latter yields the local
relation between the current density f(x, y), the conductivity ¢(x,y) and the
electrochemical potential p. stp(x, ¥). Based on the topography, any point is
attributed to either the plane surface or a monoatomic step, each having a constant
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specific conductivity within the frame. Using the boundary condition given by
Uec. sTR(x, ¥) at the four sides of the frame and the average external current density,
the problem can be solved analytically yielding pec, stp(x, y) at any point inside.
Iteratively, the conductivities are varied until the best-fit between calculated and
measured pe. stp(x, y) data is achieved.

Figure 2c and f illustrates the calculated potential distributions for the data of
Fig. 2b and e based on the specific conductivities for the step edge and the
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Fig. 2 Scanning tunneling microscopy and potentiometry of the Si(111)-(v/3 x v/3)-Ag surface.
The areais 1.2 x 1.2 um?. The insets in b and e show scanning electron microscope images for an
area of 250 x 290 umz. Two gold tips, to the left (fop) and to the right (bottom), are in contact to
silver islands. The tip for the tunneling experiments can be seen in the middle. a The topographic
image, the gray scale covers about 1 nm. b The electrochemical potential simultaneously measured
at an average current density of jexern, 1 = 0.4 A/m perpendicular to the steps. The result of the
corresponding simulation based on a network of “Ohmic” resistors is displayed in (¢). d Line scans
across the edge of a monatomic step displaying the tip height in constant conductivity mode (blue
and green) and the effective electrochemical potential (red and black). To improve the signal-to-
noise ratio, a step edge with rather large signal was chosen, the lateral current was increased
(j =2 A/m) and the signal was averaged over several lines. e The electrochemical potential
simultaneously measured at an average current density of jexern, | = 0.26 A/m parallel to the steps.
The result of the corresponding simulation is displayed in (f). Extracted from [7]

two-dimensional electron gas (2DEG). The excellent agreement between the
calculation and the measured p.. stp(x, y) data is evident. A more detailed dis-
cussion is given in Ref. [2].

Our experiment gives access to the spatial variations of the electrochemical
potential within an electric conductor with nanometer resolution. At a step edge the
local electrochemical potential exhibits a rather localized monotonous transition.
Our measurements cover the transition from the microscopic transport processes, i.e.
quantum mechanical tunneling at step edges and diffusive scattering in the two-
dimensional electron gas, to the macroscopic resistance. This finally bridges the gap
between the elementary processes and the electric resistance observed in macro-
scopic experiments. Although the transport is ballistic on the nanometer scale a
correct numerical description of the electrochemical potential is obtained using the
model of diffusive transport. This gives the unique opportunity to evaluate the spe-
cific conductivities of the defect free surface and across monatomic steps.

2 Inelastic Mean Free Path of Hot Electrons by Ballistic
Electron Emission Microscopy

In the scheme for ballistic electron emission microscopy (BEEM) and spectros-
copy (BEES) introduced by Bell and Kaiser [8, 9], a thin metallic layer on top of a
semiconductor is studied. If a thin metallic layer is brought into contact with a
semiconductor, a Schottky barrier is formed at the interface [10, 11]. The barrier
height varies from 0.4 to 1 eV depending on the combination of the metal and the
semiconductor [12]. The BEEM arrangement allows the evaluation of how the
tunneling current is split into a ballistic contribution that reaches the underlying
semiconductor and a current of scattered electrons that remains in the metal film.
BEEM experiments have primarily focused on the studies of the buried interface
between the metal and the semiconductor. Overview articles on BEEM were
given, for example, by Bell and Kaiser [8, 9], Narayanamurti et al. [13], Prietsch
[14], or by Wei et al. [15].
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In this work we report on BEES studies on ultra-thin Bismuth films. Using a
shadow mask two different film thicknesses were prepared in situ on the same
silicon (100) n-type substrate. Ballistic electron emission spectroscopy was per-
formed under UHV conditions on 11.2 and 22.4 nm thick Bismuth films. This
allows gaining insight into the inelastic mean free path (MFP) of electrons in
Bi(111) at low energies close to the Fermi level.

The BEEM and BEES are three terminal extensions to STM [2]. By evaluating
the onset of the ballistic current, BEES offers the possibility to determine the
Schottky barrier height on a local scale with the same lateral resolution as the
STM. The energy resolution has an accuracy of about 10 meV. For metallic films
the transmission of ballistic charge carriers, i.e. electrons, can be determined in the
low-energy regime. If this transmission is analyzed with respect to the traveling
distance of the electrons through the film, i.e. the film thickness, the attenuation
length for ballistic transport yielding the inelastic MFP can be measured.

Metallic layers on semiconducting substrates like gold, silver or bismuth
films on silicon surfaces exhibit a rectifying behavior and are often used as energy
filters or e.g. as detectors for hot charge carriers [16, 17]. Therefore their properties
concerning the height of the Schottky barrier or the inelastic MFP within the metal
layer need to be known.

We conducted BEES studies on the system bismuth on Si(100). The experi-
ments were carried out under UHV conditions (5 x 107'° mbar) in a commercial
multiprobe STM setup (Omicron Nanoprobe). As a substrate n-type silicon in
(100) orientation with resistivities between 1 and 30 Qcm was used. Prior to
transfer into UHV the Si(100) surface was treated by etching in hydrofluoric acid.
In UHV the Si(100) was further cleaned by repeated cycles of flash annealing at
1500 K. At a temperature of 150 K an equivalent of about 11.2 nm of bismuth was
deposited onto the surface followed by a slow annealing to 350 K. As reported
elsewhere this procedure results into very homogeneously bismuth surfaces with
low surface roughness [18, 19]. Using a shadow mask rectangular Bi areas on the
Si(100) surface with a size of about 0.4 x 1 mm” were created. Onto this sample
an additional amount of 11.2 nm of bismuth was deposited using the same prep-
aration conditions, but with the mask rotated by 90°. This leads to a cross-like
structure of the two consecutively deposited bismuth films, exhibiting two different
film thicknesses (compare Figs. 3 and 4). The thickness in the middle of the cross-
like structure is about (22.4 + 0.4) nm while at the ends of the structure the film
thickness can be evaluated to (11.2 £ 0.4) nm. This was also verified by ex situ
Tolansky microscopy [20].

The scheme of the experimental BEES setup is shown in Fig. 3. To conduct
BEES one Au tip (2) was gently pressed against an area of the bismuth surface
setting the film to ground potential, i.e. the same potential as the Si substrate (tip 2 in
Fig. 3). The choice of Au as tip material avoids piercing the Bi film. An Ohmic back
contact of the silicon substrate to the sample plate is established by a high dopant
layer at the backside of the Si(100) substrate. An STM tip (1), in this case tungsten, is
brought into tunneling contact in order to inject hot electrons into the metal film.
Both tips are electrochemically etched and cleaned in UHV prior to the experiment.
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Fig. 3 Scheme of the BEEM and BEES setup for a sample with two different thicknesses d; and
dy = dy + d,. A Au tip (2) sets the Bi(111) film to the same potential as the Si substrate. The
STM tip (/) injects hot electrons into the Bi(111) film. The ballistic fraction of the total tunneling
current is measured at the semiconductor as the BEEM current Iy, igtic

Fig. 4 Measurement sequence of the prepared cross like Bi structure taken by an SEM. Two
different film thicknesses d; = d, and d3 are present on the sample. The STM tip (/) is placed at
the different measurement positions for the spectra. Tip (2) connects the Bi(111) film to the same
potential as the Si substrate

Electrons undergoing an energy loss within the metal film or without sufficient
energy to overcome the Schottky barrier thermalize within the metal film and are
collected by the contacting Au tip (2). However, ballistic electrons, which can
enter the semiconductor due to sufficient high energy, are collected and measured
as the so-called BEEM-current I ,;.ic at the back contact of the Si substrate.
At constant tunneling current and for a given lateral position above the bismuth
surface the BEEM-current was collected versus the injection energy which can be
varied by tip bias voltage (BEES).
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Fig. 5 BEES data for both film thicknesses, 11.2 nm at position (d,) (filled black circles), and at
position (d,) (open black circles) and 22.4 nm at position (d3) (filled blue triangles). The BEES
spectrum of (d;) multiplied by a factor of 1.95 (blue cross) overlaps quite well with the data for
11.2 nm thickness

Two different thicknesses of the Bi surface d; = d, = 11.2 nm and dz = d; +
d, = 22.4 nm were analyzed by BEES. The selection of measurement points on
the bismuth structure and the tip positioning were monitored using a scanning
electron microscope (SEM) (Staib Instruments) prior to each BEES spectrum.

Figure 4 shows the SEM images of the sequence of three different injecting tip-
positions [(a), (b) and (c)]. On each position, BEES spectra were acquired.

During data acquisition the sample was cooled down to 130 K. Figure 5 shows
a summary of the BEES data collected on the three different positions. For each
thickness BEES spectra were taken at randomly distributed positions across the
sample. The filled blue triangles represent data taken on the 22.4 nm thick area
while the open and filled black circles represent data taken on 11.2 nm thick Bi
areas. The difference in film thickness is clearly visible in the SEM images. For all
spectra the total injecting tunneling current was kept constant at 180 pA. The
spectra were normalized with respect to this total injecting current in order to yield
the ratio of ballistically transmitted electrons.

In Fig. 5 representative spectra (an average of 10 for each) are shown. It is
obvious that the transmission through the metal film depends on the film thickness.
While the film thickness increases, the transmission of the “ballistic” electrons
decreases. Furthermore beyond an injection energy of 1.2 eV a decrease of the
slope due to diffusive scattering is visible. At tip-positions (d;) and (d,) (Fig. 3) the
film thickness as well as the transmission is almost equal. At tip-position (d3)
the transmission is attenuated by a factor of 1.95.

The fit function for the spectra is given by the well known Bell and Kaiser
model [10, 11]:
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(E — Eg)*

Tvattistic = R z

where R is a measure of attenuation due to scattering, £ = eU the injection energy
as provided by the tunneling voltage U, Eg the Schottky barrier. In this theory R is
assumed as an energy independent constant and can be described using an
exponential function R = Rpe™ %. 1 denotes the inelastic MFP and d the film
thickness. Multiplying the BEES data of the 22.4 nm thick film (c) by 1.95 gives a
good agreement with the spectra at 11.2 nm thickness (a, b). This suggests that the
transmission rate R is almost constant in the energy range of 0.6-1.2 eV which
justifies the Bell and Kaiser approximation. Girardin et al. [21] also found a
constant transmission rate R in thin gold films on a Si(111) n-type substrate by
using a similar method.

Assuming that the transmission through the Schottky barrier and the injection
of the electrons into the metal film does not depend on the thickness of the metal
film, the ratio of the ballistic currents through both films can be written as:

_4
Ioatiisiic,  R1 Roe™ dy—ay

— 2

- - d
Ianisic, Rz RpeF

where d; and d, denotes the different film thickness, and A the inelastic MFP.

This allows to calculate a minimum value for the MFP /. Since the thickness is
a crucial factor within this formula the exact value for the metal film thickness is
necessary. The thickness of the metal films was determined by two independent
studies. During the deposition of Bi the rate was controlled in situ by a quartz
microbalance. In addition a Tolansky measurement was taken ex situ after col-
lecting the BEES data. Both agree well to a thickness of 11.2 nm for each simple
Bi film and 22.4 nm for the double film. With this result the MFP is determined to
16.8 £ 0.7 nm. This agrees well with the estimated inelastic MFP of electrons in
metals if the universal curve denoted by Seah and Dench [22] is further extrap-
olated to lower energies. Due to the high crystallinity of the Bi film [23], only a
relatively low rate of defect scattering sites within the film is assumed. In addition
the low density of charge carriers in thin Bi films [24] favors a low rate of
electron—electron scattering. Both result in a relatively large inelastic MFP of
several nm. In reality the inelastic MFP of the electrons could be even larger,
if one considers elastic reflections at the Schottky interface and the surface layer.
These electrons would conserve their energy and travel multiple distances through
the metal film until they finally overcome the Schottky barrier. As denoted in
a prior publication the onset of the ballistic current Eg can be evaluated to
0.58 eV [25].

Summarizing, the lower limit of the inelastic MFP of electrons at 130 K in
highly crystalline ultrathin bismuth films of 16.8 nm was assigned using BEES.
This provides information on the inelastic MFP of electrons in metal films in the
low energy range between the vacuum energy and the Fermi energy. Therefore the
universal curve can be expanded to low energies [22, 26, 27].
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Fig. 6 Sketch of the experimental setup to conduct BEEM on organic adsorbates. Extracted
from [25]

3 Ballistic Electron Microscopy of Individual Molecules

In contrast to the BEEM experiments presented before, adsorbates such as organic
molecules can be used to partially cover the top metallic layer of the Schottky
diode. This has a major influence to the injection process of tunneling electrons
from the STM tip.

The present experiment analyzes the transmission of electrons through an
organic molecule on top of the metallic layer. Complementary to STS, by which
the specific excitation of electronic states [28, 29] or even of a molecular vibration [30]
may be analyzed, our experiment provides information on the electrons traversing
the molecules without encountering significant scattering processes.

The setup of the experiment is sketched in Fig. 6. The adsorbate to be studied
was deposited onto the metal layer. Using the tip of a STM at a negative bias
voltage relative to the sample, electrons were injected into the sample surface
either directly into the metallic layer or via the adsorbates. In the case of ballistic
transport, the electrons reached the interface and overcame the barrier if their
energy was sufficient and the momentum parallel to the interface was conserved.
These conditions yielded a current, Ilpapisic, that could be measured at a back
contact of the semiconductor. We will refer to this as the “BEEM-current”. The
majority of the electrons remains in the metallic layer; the BEEM-current only
represents a very small percentage of the total current of tunneling electrons.
Because the feedback of the STM adjusts the distance between tip and sample in
such a way that the total tunneling current remains constant, the BEEM-current
directly yields the relative contribution of the ballistic electrons.
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The injection and transmission of electrons was studied for two prototype
molecules, Cgo and perylene-tetracarboxylic dianhydride (PTCDA), adsorbed on
an atomically flat bismuth film at 130 K. The experiments including the sample
preparation were performed under UHV conditions at p < 3 X 107" mbar. To
prepare the sample, the Si(100) substrate was flashed to 1500 K to produce a clean
(2 x 1) reconstructed surface. Approximately 3 nm of Bi was evaporated on the
sample at a low temperature (130 K). The sample is brought to room temperature,
and the Bi forms an epitaxial layer that is flat on an atomic scale [18]. The quality
of the surface of both the Si and the Bi surfaces was verified by low-energy
electron diffraction (LEED). Finally, about half of a monolayer of C¢y or PTCDA
was deposited by thermal evaporation onto the Bi surface at room temperature.

The interface between the Si and the Bi prepared by the procedure described
above was found to be very homogeneous, leading to an almost constant signal of
BEEM electrons on the clean metallic surface'. The transmission of ballistic
electrons is very high compared to other systems [31] such as gold on silicon.
Considering that the injection of tunneling electrons occurs preferentially with a
small component of the k-vector parallel to the surface, the high transmission may
be explained by the good overlap between an electronic state of the Bi which is
very close to the I-point of the surface Brillouin zone [32] and the truncated bulk
states of the Si(100) surface.

The topography observed by the STM as well as the simultaneously measured
BEEM signal for the Cgy molecules are shown in Fig. 7a and b. On the flat Bi
surface, which appears dark in the topography, triangular islands of Bi formed by
one additional double layer of Bi and hexagonally ordered islands of Cgq can be
recognized. The molecules are arranged in a superstructure aligned to the under-
lying Bi structure and similar to a structure found on Au(111) [33]. The BEEM-
current is strongly reduced by a factor of about 8 for the Cgo layer and shows a
faint contrast on the Bi surface that reflects the hexagonal arrangement of the Bi
atoms in the (111) surface, which is not visible in the topographic image.

We studied the BEEM-current as a function of the electron energy, which is
given by E = —eUy;,s, Where e is the elementary charge and Uy, is the applied
bias. The spectra for the clean surface (upper curve) and the covered surface
(lower curve) are shown in Fig. 8. The onset of the BEEM-current above the
threshold can be described by a function as a power of E — Eg, where Ep is

the height of the Schottky barrier [14]. The dashed curve shows a fit with I jicic <

@ yielding a value of 0.58 eV for Eg For further details on the used fit

function see [25]. Above 1.1 eV, saturation effects not included in the formula
given above lead to deviations from the experimental curve.

' To conduct “BEEM”, tunneling currents between 10 and 50 pA were chosen as a compromise
between the threshold for damaging the molecular layer and a reasonable signal to noise ratio for
the current of ballistic electrons. At a tunneling current of 50 pA the BEEM current typically
amounts to 4 pA on the clean bismuth surface and to 0.5 pA for most of the Cgy molecules or to
3 pA for the PTCDA molecules.
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Fig. 7 a Topography and

b BEEM-current for Cg, on
Bi(111). The area is 30 nm by
25 nm, and a bias of —1.3 V
has been applied to the tip
leading to a total tunneling
current of 40 pA; the images
show truncated triangular
islands of Cgo and bismuth
(bright). Topography varying
by 0.6 nm from low (dark) to
high (bright). To the left of
the central island of Cgy a
“ghost-image” caused by a
double tip can be seen.
However, this double tip does
not influence the imaging of
the island. Extracted from [25]

The BEEM-current through the Cgq, molecules exhibits a more complex
dependence on the electron energy. At about 1.5 eV, the signal strongly increases
indicating the opening of an additional channel for the ballistic electrons. A numer-
ical fit to the data displayed in Fig. 8 taking into account a second threshold provides
an energy of 1.48 eV for the latter. For the range up to 1.8 eV, an almost perfect fit to
the data was obtained; again, saturation was found for higher energies. These results
correspond well to the data reported by Yamachika et al. [34], who analyzed Cgg, on
Ag(001) by STS as a function of doping by potassium atoms. For the undoped Cg,
they found two empty electronic states: the lowest unoccupied molecular orbital
(LUMO) at about 0.5 eV and the LUMO+1, the next higher orbital, at 1.6 eV shifting
toward a lower energy with increasing doping. Because the first orbital is below the
threshold given by the Schottky barrier, only the second orbital will efficiently
contribute to ballistic transport.
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Fig. 8 BEEM spectra for the clean Bi surface and the Cgy on bismuth. Extracted from [25]

The data obtained for a small area near the center of Fig. 7a and b, are shown in
Fig. 9 for E values 1.3 and 2.1 eV. One molecule appeared somewhat lower in the
topography and yielded a rather strong BEEM-current. Typically, the effect was
not completely localized at one molecule; the neighboring molecules were also
slightly affected, as expressed by the “halo” in Fig. 9d. Data recorded at various
electron energies revealed that the signal was as strong as for the clean Bi surface
over the whole range of energy.

In view of the results discussed for the PTCDA molecule (see below), this
observation can be explained by an increased coupling of the electronic states of
the particular Cgo to those of the underlying Bi. This effect is not caused by
different adsorption geometries, because the bright appearance of the Cgy hops
back and forth only between the same two molecules in a series of measurements,
implying that the effect is pinned by a localized defect or adsorbate. Hence,
we suggest that an impurity, e.g. an alkaline atom, localized on the surface dopes
either the one or the other Cg( nearby, which shifts the energy of the electronic
states of the Cgp [34] and leads to enhanced coupling. The scattering of the
electrons injected by the tunneling tip is thereby reduced and the contribution of
ballistic electrons increases.

The images in Fig. 9c and d display the BEEM-current at an electron energy of
2.1 eV; to improve the visibility of the low signal, Fig. 9d shows the same data as
Fig. 9c with an enhanced brightness. Each Cgy molecule exhibits a ring with a
slight hexagonal deformation separated by lower transmission regions. Hence,
an increase of BEEM-current occurs at the sides of each Cgy molecule, and not
between the molecules as can be clearly seen in Fig. 9d. According to the spec-
troscopic data discussed above, it can be concluded that this observation is related
to the first excited unoccupied electronic state of the Cgg (LUMO+1).
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Fig. 9 Topography and BEEM-current for a small area of a Cg island. The displayed area is
about 5 nm by 5 nm, and the total tunneling current is 40 pA; a topography varying by 0.2 nm
from low (dark) to high (bright) measured at a bias of —1.3 V applied to the tip. b BEEM-current
ranging from 0.2 to 4 pA at a bias of —1.3 V. ¢ BEEM-current ranging from 0.2 to 4 pA at a bias
of —2.1 V. d BEEM-current ranging from 0.2 to 1 pA at a bias of —2.1 V. The contrast has been
strongly raised to enhance the features at low current. Extracted from [25]

Although rigorous theoretical consideration requires one to treat the transition
from an electron through the tunneling gap, the molecules, the metal layer and the
Schottky barrier as a whole, it is useful to consider the ballistic transport stepwise
to understand the observations.

The first step is the tunneling process from the metallic tip through the vacuum
barrier into the molecule. Neglecting thermal broadening of the Fermi distribution
of the electrons only electrons of the tip with energies ranging from Efr of the
sample to eUy,;,s above Ef, contribute to the tunneling current. The molecule does
not provide a continuous density of electronic states but provides discrete levels
which are broadened by the interaction with the substrate. Tunneling is enabled for
those electrons with an energy matching one of these molecular states, e.g. the
LUMO, LUMO+1, etc.
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The second step is given by the intramolecular transport. If inelastic scattering
occurs, the energy of the electrons is reduced and the electrons are no longer
“ballistic”.

The third step is the transition from the molecule to the metal layer.

The fourth step is the transport within the metal layer.

The fifth and last step is the transition across the Schottky barrier between the
metal and the semiconductor. It requires that the energy associated with the motion
of the electron perpendicular to the interface exceeds the Schottky barrier.
Furthermore, the component of the wave vector parallel to the surface must match
to an empty state of the semiconductor.

In contrast to STS, in which only the first step is considered, BEEM takes into
account each of these additional steps.

The recent calculation [35] for the electron conduction through individual
Cgo-molecules bridging two metallic electrodes shows, that the current runs along
the C—C bonds and that from the unoccupied molecular orbitals with different
symmetries only specific ones provide the major contribution to the electron
transport. They predict the highest density at the sides and the lowest density at the
center of the molecule. Both are in good agreement with our observation, e.g. in
Fig. 9.

To learn more about the transmission of ballistic electrons through molecules a
rather different organic molecule was studied. PTCDA is a planar, almost
rectangular molecule. It has significant partial charges due to the strong electro-
negative anhydride groups at both of the short sides. The topography and the
BEEM-current for a small area around a Bi island which is not covered by PTCDA
is shown in Fig. 10.

The molecules are arranged in a so-called “herringbone structure” observed for
PTCDA on many other metallic substrates [36, 37]. The insets of Fig. 10a and b,
at the lower right corners, sketch the rectangular unit cell containing two mole-
cules which are rotated by about 90° relative to each other. The displayed data
corresponds to an electron energy of 1.7 eV. As for Cg, a reduction of the BEEM-
current is observed ranging from 2 (dark areas) to 35% (bright areas) relative to the
uncovered surface. In contrast to the findings for Cg, the results do not change
significantly as a function of energy in the range between 0.6 and 2.0 eV.

As can be seen in detail in Fig. 10d and e, the appearance of the PTCDA
molecule completely differs for the observed topography and the map of the
measured BEEM-current. The topographic image is dominated by two maxima
located on both sides parallel to the long axis of the molecule. As discussed in [38]
the maxima can be attributed to the LUMO. Probably because of the semimetallic
character of the Bi film, the LUMO remains above Ef, in contrast to a silver
substrate, and it is imaged at a negative tip bias. However, the major contribution
to the BEEM-current occurred in one longish area centered on top of the long axis.
As pointed out in [38] this feature corresponds to the LUMO+1 state, which has a
significant coupling to the bulk states of the substrates. A close inspection of the
BEEM signal reveals an important difference to the STS images of the LUMO+1.
The maximum of the BEEM signal is not at the center of the perylene core but at
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Fig. 10 Topography and BEEM-current for a small area covered by PTCDA molecules. The
displayed area is about 9.3 nm by 9.3 nm, and the total tunneling current is 40 pA with a bias of
—1.7 V applied to the tip; a topography of a bismuth island surrounded by a PTCDA domain
arranged in a herringbone structure. b BEEM-current ranging from 0.2 to 5.4 pA. ¢ Partial charge
distribution of the PTCDA molecule and structure model. d Detailed view of the PTCDA
topography averaged over the unit cell. e Averaged BEEM-current of the PTCDA structure in b

the anhydride groups. Hence it can be concluded that the electron transport
through the molecule or the transition to the Bi substrate works best at these
positions.

The presented variation of STM/BEEM allows the analysis of the electronic
transport through a thin layer of adsorbates in great detail. If the Schottky contact
supporting this layer is prepared homogeneously, it provides a detector for ballistic
electrons with an almost constant efficiency as a function of the lateral position.
The setup represents a “scanning near field transmission electron microscope”
operating at electron energies ranging from 0.5 to 3 eV and capable of submo-
lecular resolution for a monolayer of adsorbates. Specific paths for the ballistic
transport of electrons through the molecules could be identified for Cgo and
PTCDA. They result from tunneling into the LUMO+1 electronic state followed
by intramolecular transport and coupling to the bulk states of the underlying metal.

4 Conclusion

By extending the experimental techniques scanning tunneling microscopy can
be used to study the electronic transport on the nanoscale. Using additional
contacts the scattering of conduction electrons, e.g. at step edges, grain boundaries,
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etc. can be studied. For the silver induced reconstruction of the Si(111) surface the
specific resistivity of the defect free surface, step edges and other defects can be
evaluated. The electronic transport normal to the surface may be studied by bal-
listic electron microscopy and spectroscopy. While the MFP for ballistic electrons
is rather long for a metal film, e.g. bismuth, the scattering by organic molecules is
significant. Moreover it reveals details of the transport through the molecule [25]
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Solid State Nano Gears Manipulations

Cedric Troadec, Jie Deng, Francisco Ample,
Ramesh Thamankar and Christian Joachim

Abstract The detailed fabrication and manipulations of solid state nano gears
up to 350 nm in diameter is reported. Atomic force microscopy (AFM) and ultra
high vacuum (UHV) scanning tunneling microscopy (STM) are used to maneuver
the gears. The aim is to bridge the gap between the current solid state gears and the
now available nanoscale gears. As in many technology integrations, miniaturiza-
tion is a way to boost efficiency and an opening to new applications.

1 Introduction

Gears in many different designs and materials have been in use for thousands of
years [1]. One of the earliest mentions of gear usage was in the South Pointing
Chariot originating from China, around 2600 BC, whereas the Antikythera
mechanism, from around 85 BC, is the oldest know complex mechanical calculator
that used gears. The development of gears over the years has come from different
drives like speed reduction, power transmission, torque multiplication and also
accurate measurement. With the demand in efficient and ever more complex and
integrated systems, there has been a drive to miniaturize gears. Trains of gears
down to the hundreds of micrometers, with reduction ratio of 3000000:1 have been
successfully demonstrated [2]. Even smaller gears, about 500 nm in diameter, have
been fabricated from single gold crystals using focused ion beam [3], but no
controlled rotation was shown. The smallest gear to date (Guinness World Records
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Fig. 1 Fabrication process HSQ
for the gears, using HSQ as
resist on a Silicon substrate
covered with an adhesion
layer of chromium (5 nm)
and a sacrificial layer

of gold (30 nm)

2012) is a molecule called hexa-t-butyl-pyrimidopentaphenylbenzene, which
mimics a 6 teeth gear of 1.2 nm in diameter [4]. The gap between these two types
of gears spans over two orders of magnitude.

In this chapter, we report on the fabrication of mesoscopic sizes solid state
gears, which will be manipulated by an AFM tip in air, then by multiple STM
tips, when loaded in a UHV multiprobe system in order to design a train of gears.
The manipulations, results and challenges will be discussed.

2 Experiment and Results
2.1 Fabrication

The fabrication of the solid state gears has been reported previously [5] and the same
process has been used here. The gears are fabricated out of a negative tone e-beam
resist, hydrogen silsesquioxane (HSQ). This resist has demonstrated very good
resolution below 10 nm [6] and can be baked post development to form a material
with properties and composition close to silicon dioxide. The substrate is a piece of
silicon wafer with native oxide, covered with an adhesion layer of chromium (5 nm)
and a sacrificial 30 nm thick gold layer (see Fig. 1). The gold layer is important to
release the gears as without it the components do not show any sign of movements on
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Fig. 2 AFM images of the different designs for the 350 nm HSQ gears, along with their lien
profile taken horizontally at the center line

Fig. 3 SEM images of the
gears after gold etching.
Notice that all the gears show
a misalignment from a perfect
line, as they had been
patterned to follow.

This is a positive observation
and a necessary one to

have a successful AFM
manipulation. Inset: small
gears have moved toward

a 350 nm gear, starting

to self-assemble

980 kY Jean X 5. Lo % 11, 82

the surface, even after baking. AFM manipulation was not successful in that situation.
The gold etching is done in a solution of potassium iodide and iodine. The etching time
can be as long as 150 s, interceded by bursts of ultrasonic agitation for about 10 s.

Gears of 350, 100 and 60 nm in diameter have been fabricated and imaged
using AFM (Fig. 2) and SEM. The teeth of the gears, less than 20 nm in length and
about 15 nm in pitch, are the same on all the different designs and sizes so that any
can be used to construct a train of gears.

After the gold etching, the usual observation is a shift in the position of the
gears, with regards to their original line pattern and 1 pm spacing. This dis-
placement can be seen in Fig. 3 in the SEM images, with dashed horizontal lines
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Fig. 4 AFM manipulation of a cross gear before (a) and after (b). The contact point of the
tip can be determined by the slight damage to the teeth as seen in (b). Note also that the path of
the gear leaves a clear trail on the substrate, indicating a close contact to the substrate

Fig. 5 AFM images taken before (a) and after (b) manipulation of all types of gears. The area
of interest is delimited in each image. Note that the doughnut types of gears are broken after
the manipulation. It is the only type that could not be moved

as guide to the eyes. This observation is important if one wants to carry on
manipulating these gears. Unless a shift in the position of, at least, the small gears
is observed, the chances of the gears being stuck to the surface of the substrate are
very high. We have never been able to move a gear in air with an AFM tip unless
we had a positive observation after the etching. In some cases, the small gears are
so mobile that they can start to assemble with other gears to form trains of gears
(see inset of Fig. 3).
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Fig. 6 Two etched tungsten
tips on a 350 nm gear. The tip
apex is less than 50 nm

500nm

2.2 Manipulation

The sample is then placed in a Digital Instrument Nanoscope IV AFM in tapping
mode. The cantilevers used are 50 N/m stiff with a resonant frequency of about
250 kHz. The manipulation is done by switching to a “scratch” mode where
the direction and the length of the tip movement can be controlled, as well as the
height at which the tip will be positioned before the scratch. In all manipulations,
the tip was set to move vertically upward.

Figure 4 gives an example of a gear manipulation in which an AFM image is
taken before (Fig. 4a) and after manipulation (Fig. 4b). Comparing the two images
gives a lot of information about the manipulation process. After the manipulation,
a slight damage to the teeth on the right side of the gear can be observed. It most
probably comes from the interaction with the AFM tip, which suggests also that
the gear was not only translated, but rotated as well. The path of the gear is clearly
marked by the clean trail, as seen on Fig. 4b. The origin of the particulates on the
substrate here is not known, probably some remnants from the development or
gold etching as such contamination is not always observed. The fact is that it is not
present below the gear and it is also easily moved by the gear.

The same manipulation procedure is then used on the other type of gears, to
ensure that all can be moved in a reproducible manner. Figure 5 shows two AFM
images taken before and after manipulations of the gears. The 100 nm gear could
be moved as well as the plain and cross 350 nm gears. The doughnut rings could
not be moved, and were broken into pieces during the manipulations. The strength
of the arch of the gear was no match to the force applied on it by the AFM tip.

The next step is to load the sample in a UHV multiprobe system, which
offers four individually actuated sharp tungsten tips under the eye of an SEM.
The system and its possible applications are described in detail in other
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Fig. 7 Sequence of
manipulation using a sharp
tungsten tip on a cross type
gear. a The tip is positioned
next to the gear, just above
the surface. b The tip is
moved from right to left and
a small bending of the tip is
occurring as it interacts with
the gear. ¢ The gear has

not moved and the site

of interaction between

the tip and the gear has
some bright residue, either
from the tip or the gear
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publications [7-9]. The base pressure of the system is in the mid 10™'° mBar, and
the sample was not heated prior to inserting or inside the load-loack. In Fig. 6 is
shown two of the etched tungsten tips in proximity to a cross gear.
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Fig. 8 AFM image before (a) and after (b) manipulation in air by AFM. None of the gear
moved, and the doughnut gears could still be broken. The tip left marks on all the gears with, for
example, the plain gear (c¢) after manipulation (d). Two indents opposite to each other were made
by the AFM tip

First, we tried to manipulate with only one tip. A tungsten tip is brought
within tunneling range to the surface (moderate voltage and low current), which is
possible in our case as the substrate is silicon with a native oxide (see Fig. 7a).
The feedback loop is then switched off and the tip is moved across the gear
location. The tip interaction with the gear is well established as we see the tip
bending (Fig. 7b). At a certain push threshold, the tip would just jump out of its
position and leave a small mark on the gear where the contact was made. The gear
could not be moved, and repeated efforts in all possible directions, and every gear
design did not yield any result.

As the gear might have been stuck to the substrate due to some reaction with the
HSQ or the contaminants, an elevated temperature might help the gear to be
moved from its original position. For this, the temperature was raised in 10°C steps
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up, to 80°C and the tip was brushed across the gear. The results were also negative
for the whole temperature range.

Following this UHV experiment, the sample was taken out of the chamber and
put back in the ambient AFM. The same type of manipulations was performed as
previously and the results are shown in Fig. 8. None of the gears moved, although
some dents in the gears were observed. The doughnut gears were broken in a
similar way as in Fig. 5.

3 Discussion and Future work

The detailed process presented here is complementary to the experiment reported
earlier [4]. The availability of many probes should allow the fabrication of train of
gears, but as demonstrated, the process is not yet successful especially in vacuum.
This environment is needed as imaging at the nanoscale level is best achieved by
SEM. The fact that the manipulation can occur in air, but not after the sample was
subjected to vacuum, points to some drastic changes at the gear/substrate interface.
The presence of a water film on the sample in ambient atmosphere could act as a
lubricant or passivation layer. In UHV, this water film would have completely
evaporated which could lead to a lack of movement. An additional layer below the
gold could help reduce the friction in vacuum, but further experiments are required
to determine the nature of the material that would satisfy the requirements
involved.

Once this problem is solved, the first step will be the demonstration that a tip
can be used as a temporary shaft and that the gear can be rotated by another tip.
If successful, a train of gear will be the next achievement.

Acknowledgments This work was supported by the Agency for Science, Technology and
Research (A*STAR) funding under project no. 1021100972.

References

1. Darle, W.D.: The evolution of the gear art. American Gear Manufacturers Association,
Washington (1969)

2. Rogers, M.S., Sniegowski, S.S., Miller, S., LaVigne, G.F.: Designing and operating
electrostatically driven microengines. In: Proceedings of the 44th International Instrumentation
Symposium, Reno, NV, May 3-7, pp. 56-65 (1998)

3. Yun, Y.J., Ah, C.S., Kim, S., Yun, W.S., Park, B.C., Ha, D.H.: Manipulation of freestanding
Au nanogears using an atomic force microscope. Nanotechnology 18, 505304 (2007).
doi:10.1088/0957-4484/18/50/505304

4. Manzano, C., Soe, W.-H., Wong, H.S., Ample, F., Gourdon, A., Chandrasekhar, N., Joachim, C.:
Step-by-step rotation of a molecule-gear mounted on an atomic-scale axis. Nat. Mater. 8, 576
(2009). doi:10.1038/nmat2467

5. Deng, J., Troadec, C., Ample, F., Joachim, C.: Fabrication and manipulation of solid-state Si02
nano-gears on a gold surface. Nanotechnology 22, 275307 (2011). doi:10.1088/0957-4484/
22/27/275307


http://dx.doi.org/10.1088/0957-4484/18/50/505304
http://dx.doi.org/10.1038/nmat2467
http://dx.doi.org/10.1088/0957-4484/22/27/275307
http://dx.doi.org/10.1088/0957-4484/22/27/275307

Solid State Nano Gears Manipulations 223

6. Hiftner, M., Haug, A., Heeren, A., Fleischer, M., Peisert, H., Chassé, T., Kern, D.P.: Influence
of temperature on HSQ electron-beam lithography. J. Vac. Sci. Technol. B 25, 2045 (2007).
doi:10.1116/1.2794324

7. Neucheva, O.A., Thamankar, R., Yap, T.L., Troadec, C., Deng, J., Joachim, C.: Atomic scale
interconnection machine. In: Joachim, C. (ed.) Advances in Atom and Single Molecule
Machines, Springer, Berlin (2012)

8. Thamankar, R., Neucheva O.A., Yap, T.L., Joachim, C.: Surface conductivity measurements
on MoS, using UHV-NANOPROBE. In: Joachim, C. (ed.) Advances in Atom and Single
Molecule Machines, Springer, Berlin (2012)

9. Joachim, C., Martrou, D., Rezeq, M., Troadec, C., Deng, J., Chandrasekhar, N., Gauthier, S.:
Multiple atomic scale solid surface interconnects for atom circuits and molecule logic gates.
J. Phys. Condens. Matter 22, 084025 (2010) doi:10.1088/0953-8984/22/8/084025


http://dx.doi.org/10.1116/1.2794324
http://dx.doi.org/10.1088/0953-8984/22/8/084025

Probing Single Molecular Motors
on Solid Surface

Haiming Guo, Yeliang Wang, Min Feng, Li Gao and Hongjun Gao

Abstract Understanding structures and mechanisms of single molecular motors
on solid surfaces is of critical importance for nanoscale engineering and bottom-up
construction of complex devices at single molecular scale. In this chapter, two
different kinds of single molecular motors at surfaces are studied with scanning
tunneling microscopy (STM) technique. We discuss the structural and conductance
transitions of one H2 rotaxane molecule at the sub-rotaxane scale, and then present
a molecular rotor with a fixed off-center axis formed by chemical bonding on
Au(111) substrate. These results represent important advances in single molecular-
based machines and devices.

1 Introduction

Single molecules with intriguing physical properties are important building blocks
for fabricating functional nanodevices [1-3]. Integrating device functions into
single molecules is a crucial issue in molecule-based nanoengineering and is being
considered as an ideal solution for the device miniaturization pushed by the
Moore’s Law. Molecular machines, or molecular actuators, are kinds of typical
nanodevices, usually capable of converting external chemical, electrical, or optical
energy into mechanical motion. They, in fact, exist widely in nature and play an
important role in many biological processes [4, 5]. For instance, kinesin protein
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can burn adenosine triphosphate (ATP) and generate linear motion along cyto-
skeleton [6]. Other proteins, driven by proton gradients across membranes,
mechanically rotate flagella to propel bacteria [7]. Mimicking biological design is
believed as one of main routes to synthesize artificial molecular machines and put
them to work [8, 9]. So far, attempts on design, synthesis, and controllable
operation of molecular machines have yielded analogs of rotors [10-12], gears
[13], switches [14], shuttles [15, 16], turnstiles [17], ratchets [18], wheels [19],
even complex wheelbarrows [20, 21], nanocars [22], elevators [23], and refrig-
erators [24].

Generally the movements of molecular actuators can be simply classified into
two groups according to their motion styles, i.e. linear motion and rotational
motion. ATP-driven Kinesin protein [6] and rotation of flagella [7] are the
examples of these two groups, respectively, in biological systems. The motions of
a single molecule can be used as a matter of course to introduce new design
perception or control approaches of molecular movements. Rotaxanes and
molecular rotors, which produce linear motions and rotational motions, respec-
tively, are among the most studied artificial molecular actuators.

Rotaxane is a well-known class of linear molecular motors with bistable pro-
perties. Its structure is composed of a dumbbell-shaped chain and an encircling
macrocycle. The chain incorporates two recognition sites whose energy state is
stable when the macrocycle is positioned on them. The macrocycle can move
between two recognition sites upon external stimuli (electrochemical [25, 26],
light [27-29], or pH [30, 31]), resulting in switching of the electronic configura-
tion. If such reciprocating of the ring component can be controlled, rotaxanes
would be interesting candidates for single molecular switches or recording units in
the future. So far, exploring the mechanism of conductance switching in rotaxane-
based solid-state devices is still a task of great necessities and challenges [32-35].

Molecular rotors can rotate with respect to their surrounding environments or
involve one part that rotates relative to another part [36, 37]. It has been proved, able
to be powered by many ways such as thermal [38, 39], optical [40—42], electrical [43,
44], chemical means [45], and even by more complicated ratchet-like principles
[46—48]. Compared with motors in solid bulks and solutions, molecular rotors at
solid surfaces have advantages of being easily accessible by external fields [49, 50]
and addressable by surface analysis methods [51, 52], as well as being easily
organized due to the reduced dimensions. Surface-mounted rotors could be either
controlled by molecule—substrate interactions or confined in a supramolecular
assembly by intermolecular interaction [53—57]. Thus mastering the properties of
molecular rotors bound on surface is a logical step toward their practical utilization.

The development of STM techniques [58, 59] has allowed the study of indi-
vidual molecules with atomic scale precision and high energy resolution at sur-
faces. Moreover, STM can offer scientists the opportunity to manipulate atomic
and molecular events that operate not only on ensemble-averaged populations of
species but also on single functional group of the chemical entities [60—63]. It was
previously demonstrated that electron tunneling can induce periodic vibrational [4]
and translational motions in molecules [64-66]. STM has been further developed
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Fig. 1 Structure of the H2 rotaxane molecule

to investigate the dynamic behavior in real time and motion mechanism of
molecular motors/machines at single molecule level. The single molecular motors
probed on the surface with STM become of particular interest and benefit greatly
for such advance.

In this chapter, we will report two different kinds of single molecular motors at
surfaces probed with the technique of STM. First, structural and conductance
transitions of one H2 rotaxane molecule at the sub-rotaxane scale were studied.
It provides the evidence to date that the conductance transition originating from
single molecules arises from motion of the encircling ring component along the
molecular backbone and correlates with changes in molecular conformation. In the
second part, STM was used to investigate single (-Bu)4-ZnPc molecular rotors on
Au(111) substrate. The rotor possesses a well-defined and off-centered rotation
axis, and further, these single molecule rotors can self-assemble to form large scale
ordered arrays based on the reconstruction of the gold surface.

2 Structural and Conductance Transitions
of Single Rotaxane Molecules

2.1 Overview

Rotaxanes, as one kind of inter-locked supermolecules, have been widely inves-
tigated in past years because of their good performance in both molecular elec-
tronic devices and nanoscale data-storage media [25-31, 67-70]. The key structure
of these molecules contains a w-electron-deficient macrocycle that is locked
around a 7-electron-rich component along the molecular “thread,” which is ter-
minated with two bulky “stoppers”. Here we are interested in a single H2 rotaxane
molecule, whose chemical structure is shown in Fig. 1. The macrocycle is cycl-
obis(paraquat-p-phenylene)(CBPQT4+), and two recognition sites are TTF and
DNP groups. Recent theoretical calculations [34, 35, 71] predicted that the con-
ductance transition originates from the movement of the CBPQT4+ ring along the
molecular backbone, but as of yet there has been no experimental verification.



228 H. Guo et al.

(€) oos} - —4—s
—_ —
ool T3 7 /"/
E s
zooo} -
:::_

= -
002t 7 %
Vs
-0.04 T
-15 -1.0 05 00 05 10 15
Voltage (V)

Fig. 2 STM images of a CH,Cl, self-assembled monolayer and b a H2 rotaxane molecule on it.
Scanning conditions are Vi, = —1.3 V, I; = 0.08 nA. The scale bar is 2.5 nm in a and 1.0 nm in
(b). ¢ I-V curves at different points of single rotaxane molecule are roughly the same. Curve 1 is
measured on the substrate. Numbers on the inset image indicate the corresponding measuring
positions on a molecule. All the STM images and I-V curves are recorded at 78 K. Reprinted
with permission from Ref. [72]

In this section, we use low-temperature scanning tunneling microscopy to
investigate the structure and conductance of a single H2 rotaxane molecule on a
buffer-layered Au(111) substrate at 78 K. It is demonstrated that the conductance
switching in rotaxane-based, solid-state devices is an inherent property of the
rotaxane molecules. These results provide evidence that the conductance switching
might arise from the movement of the cyclobis(paraquat-p-phenylene) ring along
the rod section of the dumbbell-shaped backbone of the rotaxane molecule.
It provides direct evidence that the conductance transition originates from single
molecules and correlates with changes in molecular conformation. We also
achieved the reversible writing and erasing of information dots on solid-state H2
rotaxane films at room temperature. Ab initio and molecular mechanics (MM)
calculations are employed to explain the transition mechanism.

2.2 Sample Preparation and STM Observations

A sample of a single H2 rotaxane molecule for STM study was prepared on a
buffer-layered Au(111) surface. Metal surfaces typically have strong interaction
with organic molecules. Such an interaction may hybridize the metal wavefunc-
tions with molecular orbitals and let the molecule lose its intrinsic properties.
In our experiments, a self-assembled monolayer (SAM) of CH,Cl, solvent
molecules was used as an insulating layer. Such a layer is formed by dropping a
CH,C1, solvent containing H2 molecules on a freshly-prepared Au(111) substrate
with the protection of pure N, gas. Thereafter, the sample was transferred into an
ultrahigh vacuum (UHV) chamber and annealed at 330 K.

Subsequent UHV-STM observations showed high-quality SAM had been
achieved, as shown in Fig. 2a. H2 molecules are adsorbed on the SAM film rather
than directly on the Au(111) substrate. Fig. 2b shows one H2 molecule in a
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Fig. 3 Reversible conductance transitions induced sequentially in an individual H2 molecule by
the STM field. a—d STM images show different but consistent forms on sequentially reversing the
bias polarity from —1.3 to 1.3 V. The scale bar is 1 nm. e I-V characteristics show the molecule
is in an insulating state under negative bias and a high-conductance state under positive bias.
Reprinted with permission from Ref. [72]

scanning area on a monolayer of ordered solvent molecules. Auger electron
spectroscopy reveals that the monolayer contains Cl and C elements, which is
consistent with a monolayer of CH,Cl, on the Au(111) substrate [72].

Scanning tunneling spectroscopy (I-V curves) measurements have been
conducted on the adsorbed rotaxane molecules. As STM is capable of high-spatial-
resolution measurements, we collected I-V data at several different points on a
single rotaxane molecule, see Fig. 2c. The obtained I-V curves are almost the
same across the molecule, which indicates that the electron tunneling is occurring
via the whole molecule. The result agrees with a recent theoretical calculation [34,
35, 71], which pointed out that the tunneling will occur through the whole mol-
ecule if these groups are crowded together as in our case.

2.3 Conductance Switching of Single H2 Rotaxane Molecules

The calculations [34, 35, 71] also predicted the existence of two stable molecular
configurations with different electronic structures, due to movement of CBPQT4+
between the TTF and DNP groups acting as a switch. We therefore attempted to
induce a structure/conductance transition in a single H2 molecule on the surface,
and it was realized by varying the polarity of the voltage bias applied between the
tip and the sample in the STM experiments. Figure 3 shows STM images acquired
sequentially, changing the scanning bias between each image, together with cor-
responding measured I-V curves. The obtained STM image and its conductance of
the H2 molecule change repeatedly with reversing the polarity from —1.3 to 1.3 V.
These observations show that conductance switching can be directly observed in a
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Fig. 4 A sequence of STM images of a single H2 molecule showing a reversible conductance
transition correlated with a change in molecular configuration. a—b STM images obtained with
changes of bias polarity from —1.3 to 1.3 V. They show similar configuration, indicating similar
HOMO and LUMO distribution. ¢ A sudden structure transition happens as the tip approaches the
molecule during the next scanning (+1.3 V). d The molecule maintains its new conformation at
the following scan, but e recovers its original configuration when the voltage bias is set back to
—1.3 V. The green lines mark features on the substrate for reference; scale bar size is 1 nm. f -V
characteristics showing that the conformation change is associated with a transition to a high-
conductance state. Numbers on the images represent positions of the -V measurements.
Reprinted with permission from Ref. [72]

single molecule, and the conductance state can be controlled easily and reversibly
by changing the voltage polarity.

We next present evidence that the conductance transition is induced by the
intramolecular structural transition but not by the difference between the spatial
distributions of the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO). Figures 4a and b show an example when the
voltage bias changes from —1.3 to +1.3 V, but the molecular image and the I-V
curve are not immediately changed. I-V curves from the numbered points show
that molecule is in its low-conductance state. For the next scanning, however, the
STM image captures the instant of change for the molecular conformation
(Fig. 4c). The new image is maintained during the subsequent scan (Fig. 4d) and
I-V curves show the molecule is now in its high conductivity state. Analysis of the
process concludes that the change of the molecular STM image is induced by the
structural change instead of the difference between LUMO and HOMO imaging.
Finally, we change the bias voltage back to the initial negative polarity and the
STM image reappears precisely in its initial state (Fig. 4e), with I-V curves
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Fig. 5 Fully optimized configuration of a simplified model of the H2 molecule with the CBPQT
ring positioned over the TTF group a and the DNP group b. ¢ Molecular mechanics calculation of
the entire molecule. All calculations confirm a curved morphology for the molecule

corresponding to the low conductivity state once again. The molecular confor-
mational changes the correlate perfectly and repeatedly with the conductance
changes and are fully reversible. This suggests that we are seeing the effects of
the intra-molecular structural transition proposed theoretically, specifically the
reversible movement of the CBPQT4+ ring, which acts as a switch and induces the
conductance transition. Note that, however, not all deposited molecules observed
could be switched, implying that, for application in devices, it might be necessary
to induce a preferred molecular orientation.

2.4 Understanding the Geometry of Molecules
by DFT and MM Calculations

Meanwhile, density functional theory quantum chemistry calculations and
molecular mechanics calculations were also performed to understand transitions at
an atomistic level. To identify the molecular conformation of a free rotaxane
molecule, we carried out fully optimized density functional theory (DFT) calcu-
lations and classical force-field calculations. Owing to numerical limitations and
the size of the molecule, we initially built two simplified models by removing the
two large obstacle groups (as shown in Fig. 1) and the four PFg ligands from the
H2 molecule (see Fig. 5a and b). Structure optimization was performed using
the Gaussian03 program package at the DFT-B3LYP(3-21G) level31 for these two
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models [73]. Whether the CBPQT4+ macrocycle is at TTF or DNP site, the
simplified backbone is not linear but curved. In addition, structure optimization for
the entire H2 molecule was carried out using molecular mechanics with an MM+
force field [74]. The result shows a curved backbone also (see Fig. 5c¢). These
curved structures indicate that the backbone cannot form a close-packed structure
of linear molecules due to steric hindrance. Moverover, the two big obstacles and
four ligands strengthen this effect. The curved structure provides more space for
CBPQT4+ to move between TTF and DNP. Besides this, the calculation results
explain the ellipsoidal appearance of the rotaxane molecules on CH,Cl,/Au(111),
Rotaxane is a large, flexible molecule that can adopt many possible molecular
conformation, some of which facilitate the movement of the CBPQT4+ in the case
of individual rotaxane molecules on a solid surface.

2.5 Rotaxane Thin Films for Nanorecording

Beyond the single molecular level, we have also investigated the possibility of
inducing conductance transitions in rotaxane Langmuir—Blodgett (LB) thin films
[75]. Using the STM tip, we achieved writable, erasable, and rewritable recording
by applying different polarity voltage pulses. Throughout this entire process the
recording dots remained at about 3 nm in size and were stable in air for more than
four weeks. The conductive contact AFM imaging shows that the marks are indeed
induced by conductance transitions. Micro-Raman spectra of the rotaxane
films before and after the transition from the low-conductance state to the
high-conductance state also found that the conductance transition is caused by the
intramolecular motion of the CBPQT4+, just as in the case of single rotaxane
molecules [76].

3 A Single Molecular Rotor Anchored
on Au(111) Solid Surfaces

3.1 Overview

In 1998, Prof. C. Joachim and his cooperators reported for the first time a STM
observation on a real single molecular (HB-TC) rotor at solid surface [48]. In the
sequel they demonstrated to realize controlling decently a single molecule (HB—
NPB, C¢4N,yH76) rotation by a STM tip manipulation with atomic scale precision
[77]. The controllability of molecular motion is critical for molecular rotors,
which may convert external energy into orchestrated motion at the molecular
level [78, 79]. So far most of the molecular rotors reported at surfaces are mobile
translationally with either one or two degrees of freedom. For molecular rotors a
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high level of control over the rotation axis and, equivalently, self-assembly on a
very large scale, are the key ingredients for their integration into complex
molecular machines [80]. In addition, the studies mainly focused on single
molecules, while it is desirable, for eventual applications, that individual
molecular rotors self-assemble into large scale ordered arrays while keeping their
original functions.

Our recent STM studies [38] show that single tetra-tert-butyl zinc phthalocy-
anine [(-Bu)4ZnPc] molecules on the reconstructed Au(l111) surface possess a
well-defined rotation axis fixed (i.e. the single molecular rotor is “anchored”) on
the surface, and also, that these single molecule rotors form large scale ordered
arrays due to the reconstruction of the gold surface. Gold adatoms at the surface
function as the stable contact of the molecule to the surface. An off-center rotation
axis is formed, by a chemical bonding between a nitrogen atom of the molecule
and a gold adatom on the surface, which gives them a well-defined contact while
the molecules can have rotation-favorable configurations.

3.2 Array of (t-Bu)+ZnPc Molecular Rotors
at Au(111) Surface

The clean Au(111) surface has a well-known 22 x /3 herringbone structure [81,
82]. Figure 6a shows typical STM topographic images of this reconstruction
structure. The top layer consists of atoms in alternating face-centered cubic (FCC)
and hexagonal close-packed (HCP) domains. The width of the FCC region is
approximately 50% larger than that of the HCP region. Atoms within the transition
region between the FCC and HCP domains appear as bright discommensuration
lines (the “ridge” structure) in the STM image. The elbow site is the connection
position of ridges.

(+-Bu)4ZnPc is one kind of molecules looking like a windmill with four pro-
truding vanes surrounding an axis (Fig. 6b). Figure 6¢ shows a STM image of a
large scale array of (#-Bu)sZnPc molecules on Au(l111) reconstructed surface.
The molecules adsorb predominantly at the elbow positions of the 22 x /3
structure, which in this case acts as an atomically precise template for the selective
adsorption. Figure 6d shows the detailed configuration of the molecules. Each
molecule shows a “folding-fan” structure, which is different from the molecular
configuration shown in Fig. 6b. The folding-fan structures at two different elbow
sites show different features due to the modulation by corrugation ridges. Further
investigation revealed that each folding-fan structure corresponds to one molecule
which was rotating at the elbow site. Gold adatoms [83, 84], serving as the stable
contact of the molecules to the surface, provide a stationary rotating axis for the
molecular rotor. This axis is formed by a chemical bond between a nitrogen
atom of the molecule and a gold adatom on the surface, which gives them a well-
defined contact while the molecules can have rotation-favorable configurations.
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Fig. 6 a STM image of a reconstructed clean Au(111) surface, in which four special regions are
marked; b Structure of a (-Bu),ZnPc molecule; ¢ STM image of a large scale ordered array of
single (-Bu)4ZnPc molecular rotors on a reconstructed Au(111) surface. d High-resolution STM
image of single molecular rotors showing a “folding-fan” structure at elbow sites. (I = 0.07 nA,
V=-13Vat78K)

These single molecular rotors form large scale ordered arrays due to the regular
reconstruction of the Au(l111) surface. Both the stationary axis and the self-
assembly ability of the molecular rotors provide potential application possibility
for the development of molecular nanodevices.

3.3 (t-Bu)ZnPc Single Molecular Rotors Studied with STM

At very low coverage, (-Bu),ZnPc molecules were found adsorbing on different
regions of the reconstructed Au(l111) surface, elbow, ridge, FCC, and HCP.
Appearances of the adsorbates depends to a large extent on the adsorbed surface
sites with different atomic arrangements, as shown in Fig. 7. The molecules
located at the elbow sites show a folding-fan feature, while the STM images of the
molecule located in the FCC, HCP region and on the corrugation ridges, show
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Fig. 7 High-resolution STM
images of single molecular
rotors, formed by (#-
Bu),ZnPc molecules at
different substrate regions,
show different features due to
the modulation by
corrugation ridges (0.07 nA,
—1.3 V). Images were taken
at 78 K

“flower” features. More specifically, STM images of molecules in the FCC and
HCP regions are composed of two concentric cirques: twelve bright lobes form the
outer torus, just like twelve “petals”, while the inner torus has no obvious divi-
sions. Similarly but not completely the same, the STM image of the molecular
rotors at the corrugation ridges is composed of an outer torus by twelve bright
lobes, but with two inner elliptic protrusions. We need to note that both the
folding-fan and flower features can only be seen at temperature of 78 K, while a
(-Bu)4ZnPc molecule shows a four-lobe structure in the STM image at 5 K.

The tunneling current versus time (I-¢) spectroscopy was measured by locating
the STM tip at a fixed point on the “folding-fan” structure (Fig. 8a). We applied a
constant bias voltage of —1.8 V to the sample, and recorded the tunneling current
as a function of time. Figure 8b shows the tunneling current curves within a time
interval of 80 ms. The amplitude of the current oscillates frequently between 0 and
5 nA. The oscillation provides a direct evidence for that the “folding-fan” feature
is really due to rapid molecular motion.

However, an important question remains that how many molecules there are in
one “folding-fan” structure. It can be proved that this feature is involved only by
one (-Bu),ZnPc molecule. At 78 K different aggregates of stationary molecular
dimers, trimers, tetramers, or larger clusters can be found, however, a stationary
single (#-Bu)4ZnPc molecule embodying four lobes does not appear in STM
images. This indicates that single molecules are not stationary but instable on the
surface at this temperature. Besides that, Fig. 9a shows one molecule (marked by
white arrow) adsorbed at the elbow position and attached by two large adjacent
molecular clusters. By shifting its neighboring molecules in one cluster with a
STM tip, the four-lobe structure is changed to a “folding-fan” structure, as shown
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Fig. 8 a A high-resolution STM image of single (+~Bu),ZnPc molecular rotor showing a
“folding-fan” feature (0.05 nA, —2 V). b Curves of tunneling current versus time (I-f), measured
on the molecular rotor (red curve) and the substrate (green curve). The I-t spectroscopy of the
molecule was measured at the position indicated by the arrow in a. Reprinted with permission

from Ref [38]

Fig. 9 Sequences of STM
images show the
manipulation of (+-Bu),ZnPc
molecular rotors on Au(111)
surface with a STM tip.

The arrowed molecule in

a remains stationary, due to
attaching by two adjacent
molecular clusters formed by
same molecules. It keeps
rotary status while it is
released when the blocking
molecules were scanned off
in b. c—f Show a repeatable
process in which the arrowed
molecule bounced between a
rotating molecule (up-left)
and a dimer (bottom-right),
switching the rotor (up-left)
between rotation and
standstill

uster #2
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in Fig. 9b. It is clear that the molecule remains stationary when it is attached by the
clusters, but it starts rotation showing the folding-fan feature as soon as it was
released from the adjacent clusters.

Another sequence of images shows that such kind of start-stop process is
reversible. One molecule (marked with white arrow in Fig. 9c-f) is bounced
between the molecular dimer at bottom-right and an individual molecule at up-left.
The arrowed molecule can block the rotating molecule (up-left) by forming a new
molecular dimer (Fig. 9d), and then this new dimer was dismantled if detaching
the arrowed molecule by the STM tip, the original rotary molecule was released
and restarted to rotate (Fig. 9e). Reversibly, it remained stationary if it was
attached again by the arrowed molecules (Fig. 9f). These manipulations also
demonstrate clearly that the folding-fan and flower features are due to the rotation
of a single molecule.

The existence of a rotation center is the prerequisite for rotation, otherwise a
lateral diffusion of (#-Bu),ZnPc molecules along the surface would be hard to
block at elevated temperatures. The rotation center cannot be at the position of the
tert-butyl groups which appear as bright protrusions in STM measurements.
Based on the further STM observations combined with the first-principle calcu-
lations, we revealed that the rotation center is a trapped gold adatom at the surface.
By manipulation with a STM tip, one molecule of the “folding-fan” rotor, located
at the elbow position of the Au(111) substrate (Fig. 10a), was removed. A small
bright spot at the center position of the molecular rotor was observed, as shown in
Fig. 10b. This bright spot, observed after the removal of a single molecule, is
proposed as a gold adatom. Metal adatoms are normally considered as evaporates
from kinks and steps onto the terraces of the homogeneous metal surfaces [85, 86].
Adatoms are hard to observe alone by STM due to their very high mobility on the
metal surface, but they can be trapped by some molecules, like the gold adatoms
are captured by the deposited thiol-group-terminated molecule on Au(111) surface
[83]. Gold adatoms on the reconstructed gold surface are stable and prefer to
adsorb at the elbow sites at 78 K [83], and capable of enhancing the interaction
between the adsorbed molecule and the surface, forming a potential energy well
that prevents lateral diffusion of the molecule along the surface.

Figure 10c—d shows the top and side view of the optimized configuration for a
single (-Bu)4ZnPc molecule adsorbed on a gold adatom on Au(111) surface. The
first-principle calculations show that the distance between the zinc atom and its
nearest neighboring gold atom is 4.60 A, the distance between the bottom nitrogen
(colored in yellow) and the gold atom is 2.25 A; the adsorption energy of this
configuration in this case is 804 meV. In contrast, in the case of lack of Au
adatom, the calculation results [38] for a single (#-Bu),ZnPc molecule adsorbed
directly on Au(111) show that the distance between the zinc atom and its nearest-
neighbor gold atom is 4.35 A, the distance between the bottom nitrogen atom and
its nearest neighboring gold atom 4.40 A; the adsorption energy of this configu-
ration is 219 meV. Obviously, the gold adatom significantly enhances the
molecular bonding, which is most likely due to the surface dipole originating from
smeared out electron charge at the position of the adatom [84]. Thus the strong
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Fig. 10 a STM image of a (+-Bu),ZnPc molecular rotor located at the elbow position of the
substrate. b STM image after STM manipulation, bright spot indicates a gold adatom after
removing the attached molecule. ¢-d Top view and side view of the optimized configuration of a
(+-Bu)4ZnPc molecule adsorbed on an Au(111) surface via a gold adatom (colored by red),
respectively. The adatom acts as an off-center rotation axis for molecular rotation. Reprinted with
permission from Ref. [38]

chemical bond between N and Au adatom prevents lateral molecular diffusion
along the surface, and in particular offers a fixed off-center axis for the rotation of
single (-Bu)4,ZnPc molecules. The experimentally measured distance between the
rotor center and the bright lobes on the outer torus is 1.3 ~ 1.4 nm, in reasonable
agreement with the distance between the nitrogen atom and the tert-butyl groups
(1.10 £ 0.05 nm), considering that the rotation center is the gold adatom which is
not exactly under the nitrogen atom.

For a single (+-Bu)4ZnPc molecular rotor on a flat Au(111) surface, the cal-
culations find that there are twelve stable adsorption configurations, which are 30°
apart from each other and can be interpreted as intermediate states. The differences
in adsorption energies between these stable configurations are only 10s of meV.
The molecule switches between them with high frequency under thermal excita-
tion. Since four tert-butyl groups are imaged as the bright lobes in STM mea-
surements (see Fig. 11a), the proposed STM image for 360° rotation is in good
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4-lobe 120° rotation 360° rotation

(a) (b) (c)

Fig. 11 STM images and schematic drawing of a single (+-Bu)4ZnPc molecule on an Au(111)
surface. a Stationary molecule looks like four-lobe flower, the image is taken at the sample
temperature of 5 K. b and ¢ rotors with rotation angles of 120 and 360° with the appearance of
folding-fan, and flower, respectively. These two images are obtained at 78 K. The black solid
circles depict the bright lobes for stationary single molecules, and the yellow circle represents the
rotation center (Au adatom)

agreement with the “flower” features observed in the experiments (Fig. 11c).
The rotation of single (-Bu)4ZnPc molecule at the elbow sites can also be inter-
preted based on the model. The corrugation of the ridges forms barriers for the
molecular rotation at the elbow sites. Thus the rotation is limited within an angle
of 120°, leading to the “folding-fan” feature, which is in great agreement with the
experimental STM image (Fig. 11b). There are two types of elbow sites arranging
alternately along the corrugation ridges. The molecular rotation is limited in the
FCC region at one type of elbow site, but in the HCP region at the other type of
elbow site [see Fig. 6d].

3.4 STM Current Manipulation of a Single Rotor

STM tunneling currents can also affect the rotation of molecular rotors. Figure 12
shows the current dependence of the (#-Bu),ZnPc molecular rotors. When
increasing the tunneling current from a small current of 0.1 nA (Fig. 12a) to a
larger one of 0.2 nA (Fig. 12b), the molecule rotates more actively so that the
degree of circular arc of the rotation pattern becomes larger, which became more
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Fig. 12 Sequences of STM images show tunneling current effect on the (+-Bu),ZnPc molecular
rotor when the sample bias kept at —1.3 V. Tunneling current for each image are a 0.1 nA,
b 0.2 nA, ¢ 0.6 nA, d 0.9 nA, respectively. The molecular rotor can sweep faster and more degree
ranges as the tunneling current increases

obvious when the current kept for a period of time (Fig. 12c). When the current is
increased to 0.9 nA, a full circle of rotation pattern can be clearly observed
(Fig. 12d). This gradual increase in the degree of the circular arc means that the
molecular rotation movement becomes more active and can gradually override the
barrier formed by the Au(111) reconstruction and covers the whole circle even-
tually. The above result shows a gradual activation process while increasing the
current. Since the molecular rotation can be driven by thermal energy, the STM
current provides another way of drives for the molecular rotors.

4 Conclusion

In summary, our investigations at a single H2 rotaxane molecule scale give a better
understanding of its structural and conductance transition. The ellipsoidal
appearance of the rotaxane molecules was obtained on a buffer layer via self-
assembly on Au(111) substrate. The conductance transition of single rotaxane
molecule is attributed to the movement of the macrocycle between TTF and DNP
groups based on such structure together with ab initio and MM calculations.
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The application of rotaxane-based LB thin films in nanorecording is also dem-
onstrated. In order to realize the control of molecular rotors at solid surfaces, a
fixed rotation axis is of essential necessity. In the second part, it is inspiring that
some functionality has been observed for single molecular rotors. Our data dem-
onstrate single molecular rotation with an off-center rotation axis fixed to surfaces,
and self-assembly of molecular rotors into large scale arrays. This is realized by
designing the chemical bond between an atom of the molecule and an adatom on
the surface. The gold adatom, which provides the fixed rotation axis, can also be
used as an atomically well-defined electrode. These results represent a potential
step forward in the large scale construction of molecular motors arrays and even
the integration of molecular machines.
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