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Abstract

This dissertation describes studies of the surfaces of layered materials, including
graphite intercalation compounds, transition-metal-dichalcogenides, and single layers of
MoS>, with scanning tunneling microscopy (STM).

In order to understand how tunneling images reflect the atornic nature of sample
surfaces, the electronic and structural properties of intercalated graphite surfaces imaged
with STM have been investigated theoretically. The corrugation amplitude (CA) and carbon
site asymmetry (CSA) are sensitive to the number of graphite layers covering the first
intercalate layer, to the amount and distribution of the charge transferred from intercalate to
host and to the surface snbband structure. The CA and CSA can be used to map the stage
domains across a freshly cleaved surface. The STM images of the surfaces of both donor
and acceptor graphite intercalation compounds are discussed. The theory successfully
explained the available experimental results, and yielded some predictions which have been
verified in recent experiments.

A STM system for operation in air was assembled. The crystalline surfaces of
graphite and three transition-metal-dichalcogenides (2H-MoS3, WTe; and ReSep) have
been studied with the STM system.

Single layers of MoS» can be obtained by the exfoliation of lithium-intercalated MoS7
powder in water and in several alcohols. In the STM observations, the samples were
prepared by depositing either an agueous or butanol suspension of single-layer MoS7 on
graphite substrates to form restacked films with two monolayers of solvent molecules
included between the layers of MoS3. The real-space images obtained from the films all
showzd the existence of an approximate 2x1 superstructure on the surfaces, although the
2x1 pattern can be modulated by the interface interaction between the MoS3 layer and the
solvent molecules. These results, in conjunction with existing x-ray diffraction and Raman

[



results, imply that the single layers of MoS; adept a distorted octahedral structure. In
addition, STM images have been obtained from dry restacked MoS» films and these

indicate that on drying the structure transforms back to the hexagonal MoS; pattern.
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Chapter 1

Introduction

The scanning tunneling microscope (STM),“' 2a superb tool for surface science,
was invented by Binnig, Rohrer, and co-workers in 1981 331 1t enabies one to image
geometric and electronic surface structures directly with atomic resolution, and hence to
"see” the real world of surfaces atom by atom. The famous example for people to realize
the importance of STM is that the 7x7 reconstruction of the silicon (111) surface was
demonstrated in the STM image,[G] which was a puzzle that had remained unsolv-d for 25

years. Beyond real-space imaging, there are also expanding methods of using STM, for

(71

instance, to include other probe-sample interactions like forces,!’! or to manipulate atomic

and molecular entities on surfaces to intentionally induce permanent local structural or

chemical modiﬁcations‘[g‘1 1]

[1,12-14]

In the past decade many types of STM's have been made in order to have

them operate under various conditions. For instance, STM's are operated in an ultra-high-
vacuum (UHV) environment for observing surface structure and the growth of metals and
semiconductors,'® in liquid nitrogen or liquid helium for imaging charge-density waves in

some transition metal chalcogenides,[15 - 161

[17]

and in air at ambient pressure for studying inert
surfaces of layered matenals.
A STM in air has advantages in many ways. Obviously, the controls are easily
accessed, and one has considerable freedom in operating the STM. Also, the apparatus is
simplified, and hence the structure is compact and vibrations are correspondingly

minimized. However, the samples have to be limited 1o those whose surfaces are
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chemically inert and free from contamination m air or easy to cleave. Layered materials,
such as graphite and transition-metal-dichalcogenides, satisfy the above conditions and
provide valid experimental objects. In particular, if a layered material contains water or
alcohol between the layers, then the STM observations in air are necessarily required and
an UHV environment would not be appropriate. The main purpose of this thesis is to
understand theoretically how a surface electronic structure determines the STM image by
means of studying graphite intercalation compounds, and to determine experimentally the
atomic structures of some transition metal dichalcogenide crystals and single layers of
MoS3 in liquid suspensions by using a STM in air.

In this introductory chapter, I start with a brief discussion of the basic principle of

STM and its operation modes. Then I move to the theoretical understanding of the

mechanism of STM. Finally, I give an overview of the work presented in this thesis.

1.1 The principle of STM

STM is based on the principle of electron tunneling. There are two fundamental
components to form the tunneling unii, the conducting sample under observation and a
conducting fine tip (ideally terminating in a single atom). To generate tunneling, the tip-to-
surface distance has to be reduced to a few angstroms, and a small bias voltage applied to
the tunneling unit to cause electrons to tunnel between them. The tunneling current is
roughly proportional to the overlap of the charge densities between the tip and sample
surface, and hence depends exponentially on the tip-to-surface separation. Such extreme
sensitivity of the tunneling current to the tip-to-surface distance is the key to the extremely

high resolution of the STM. By taking advantage of this relationship and using piezoelectric

38}
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elements to electronically contro] the tip motions, the STM can effectively "map” the atomic
structure of the sample surface.

One way of using the STM is called the constant-current mode. By adjusting the z-
position of the tip with a feedback circuit while tip scanning across the surface, the
tunneling current is monitored and regulated to the preset demand value thousands of times
per second. A constant tunneling current is thus maintained, and the tip z-motion will trace
out the profile of the sample surface. Usually, the image has a close relation with the
surface topography.

Another way of using STM is called constant-height mode. In this mode, the tip
height is not changed during the scan, and the STM measures the tunneling current which
changes as the tip-to-surface distance varies in the scan. Smooth surfaces with corrugation
arnplitudes less than the average tunneling distance, can be imaged by recording the
tunneling-current deviations instead of the z-displacement of the tip. A faster scan specd is
possible in the constant-height mode and thus the information can be moved into a higher
frequency range where the low frequency noise is minimized. The constant-height mode
image can also be called the current image.

No matter which mode of operation is used, tunneling at positive tip bias with respect
to the sample accesses the filled states of the sample surface since electrons tunnel from the
sample toward the tip; while at negative tip bias we are probing the empty states because

electrons tunnel from the tip toward the sample surface.

1.2 Theoretical models

A theoretical understanding of the mechanism of STM is essential to enable an
interpretation of the experimental results. Particularly, a realistic and practical theoretical
model to describe the atomic resolution nature of STM images would be most desirable.

3
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The existing theories can be classified into two groups.[ ] One is based on a free-
electron model in which the tip and the surface are characterized as box electrodes
containing free electrons.!'?] The other is based on a transfer Hamiltonian approach[zol
with the surface characterized by its atomic structure.

The former group is an extension to the traditional one-dimensional tunnel theory.
The description of the wave function tail of the tunnel electron in the tip-surface gap and the
image potential in the gap region can be effectively treated by the theories. Thus the models
can evaluate the electron transmission probabilities through the tip-surface gap rather
rigorously, and give more accurate information of the tunneling current as a function of the
bias voltage: and of the tip-surface distance. However, the atomic nature of the tip-surface
system is difficult to describe in the framework of these models.

The second group is more realistic in terms of the atomic structure of the tunneling
unit. The tunneling barrier is treated as a perturbing Hamiltonian, in which two electrodes
(tip and sample) are regarded as two independent systems with very weak coupling, and an
electron can transfer from a state of one electrode io a state of the other one. In this
approach, the careful description of the wave function tail or the image potential in the gap
are supposed to be of minor importance, because the STM image is determined by the

relative change of the tunneling current over the surface and not necessarily its absolute

value. Based on the first order time-dependent perturbation theory, the tunneling current

can be described by!20-22!
[ . |dE p(E+eV)p(E) IME)R [FE) - f(E+eV)] (1)

where M is the tunneling matrix element, AE) = { 1 + exp[(E — Er)/kgT ]1}-! is the Ferm:i

function, V is the bias potential between the sample and the tip, and p; and p; are the

4
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densities of states in the sample and the tip, respectively. We see that the tunneling current
is proportional to the convolution of the electronic states of sample and tip.

23 241 . . .
[(23.24] introduced the use of a transfer Hamiltonian approach.

Tersoff and Hamann
By modeling an s wave function tip, they showed that the tunneling current could be
simplified in the low voltage and low temperature limit to the local density of states (LDOS)

of the sample evaluated at the center of the tp,

I o purER) = 3| P (r) > S ExEF) )

where r is the center of curvature of the tip and Wy, (r) and Ey,, are the electron eigenstates
and energy eigenvalues of the sample. This relation shows that the tunneling tip follows a
contour of constant local density of the surface states in the constant-current mode. At low
bias voltage, only the states near the Fermi level of the sample contribute to the tunneling
current.

Tersoff and Hamann's theory is attractive because the problem of understanding the
STM image simply becomes the evaluation of the local density of states at the surface,
irrespective of the tip state. The theory is important and relatively practical in focusing on
the relationship between the tunneling current and the atomic structure of the sample
surface. In fact, the Tersoff and Hamann theory provides a good interpretation of many
STM images, for instance, the anomalous features in the image of graphite surface.[%3> 20!
In this thesis, I am interested in how the tunneling image reflects the surface electronic
structure, and hence the transfer Hamiltonian approach of Tersoff and Hamann is used.

One should keep in mind, however, that equation (1) represents the tunneling process
in a more general way, in that the tip may have a profound impact on the appearance of the

STM image. It is true that in experiments the geometric (mulnltip)[”J and electronic (not s
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but d, Statejgzgl properties of the tip are found to dramatically influence the STM image.
Since the tip state is always difiicult to determine in situ in the usual experimental system
(though people propose tc obtain p; by means of analyzing the simultaneously acquired
local tunneling spectra in UHV[29]), the image interpretation, particularly on the atomic
scale, can be rather subtle. One has to recognize the existence of tip effects and exercise

caution in the image interpretation.

1.3 Overview of the thesis

There are two sections in this thesis: a theoretical section on electronic structure
calculations for STM images of graphite and graphite intercalation compounds (Chapter 3);
and an experimental section on the atomic scale imaging of layered materials including
graphite (Chapter 2), transition-metal-dichalcogenides 2H -MoS2, WTe> and ReSep
(Chapter 4), and a novel material—single layer MoS2 (Chapter 5-6).

Chapter 2 descrihes the assembly and properties of a STM designed to operate in air.
Graphite images obtained with the STM are presented, which demonstrate the capability
and quality of the apparatus. The graphite images show two remarkable anomalies which
differ drastically from the surface topography, and which can be explained in terms of the
electronic structure of the surface. Some multi-tip effects are also presented.

In Chapter 3, a theory of the STM images of graphite and graphite intercalation
compounds is presented. The theory is based on the Tersoff and Hamann model that STM
images depend on the local electron density of states (LDOS) of the sample surface at the
Fermi level. Since the graphite stacking sequence and electronic structure can be modified
by intercalation of electron donor and acceptor species, the STM images of graphite

intercalation compounds (GIC's) should provide information useful to elucidate further the

]
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electronic origins of the twe anomalies found in a pristine graphite image. Also. the results
can be used to map surface domains of different graphite layers above the first intercalate
layer close to the surface. Our theoretical calculations for the image of pristine graphite
represent the two anomalous features and are in good agreement with those obtained using
different theoretical methods, indicating that the theory is reasonably valid. Our theory is
applicable to both donor and acceptor intercalate species and to different staged structures.
Our calculations of the images of GIC's have yielded several predictions which have been
evidenced in some recent experimental data.

Chapter 4 is devoted to the experimental studies of the crystalline surfaces of 24 -
MoS3, WTep and ReSe; with the STM described in Chapter 2. Atomic-resolution images
show the expected basal plane projection lattices, however, the internal structures within
the unit cells are often dependent on the tip properties. Though it is difficuit to determine
whether Mo or S atoms have been observed in the STM image, the STM images of ReSe;
and WTe) are primarily due to the chalcogen layers on the top surface but with clear
influences from the metal layers underneath. We then compare the structure differences and
similarities between the three crystals, which might give certain hints to the structural
transformations of the novel material described in Chapter 5 and Chapter 6.

In Chapter 5 and Chapter 6, single layers of MoS2 have been studied with the STM in
air. The single molecular layers are obtained by exfoliation of Li-intercalated MoS> in water
and in alcohols. When either an aqueous or butanol suspension of single-layer MoS» is
deposited on graphite substrates, restacked films will be formed with solvent molecules
inciuded between layers of MoS>. The STM images obtained from both types of films
show that the unit cell of the single layers corresponds tc an approximate 2x1 superlattice
of the hexagonal 2H -MoS structure, though the "2x1" pattern can be modulated by the

interface interaction between the MoS» layer and the solvent molecules. The image of dry
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restacked MoS; obtained from an aqueous suspension transforms back to the hexagonal
MoS; pattern. We then speculate on the mechanism of the role of the suspension liquid in
modifying the electronic structure of MoS, at the end of Chapter 6.

In Chapter 7, we present a summary of the thesis and discuss possible directions that

future experiments might take.



Chapter 2

A scanning tunneling microscope in air

The main instrumental problems to be overcome to enable one to obtain atomic
resolution STM images are those associated with the mechanical stability of the tip-surface
gap which exponentially determines the tunneling current. The STM must achieve and
maintain precise tip-surface distance within fractions of an A throughout the time required
to obtain a complete image ( ~! min.). Such stability is mainly limited by vibrations
transmitted to the tunneling umnit or created in the scanning process itself. Usually the
external vibrations are blocked by a vibration-isolation system, for instance, by a spring
suspension system. The influence of internal vibrations is reduced by mechanical rigidity
and an electrical low-pass filter (or an integrator) in the feedback loop. The idea of
mechanical rigidity is to make the mechanical eigenfrequencies of the tunineling unit much
greater than the tip scan rate (controlling the raster scan motion of the tip), the bandwidth of
the feedback loop (controlling the vertical motion of the tip) and the frequencies of
significant external vibrations. Therefore, the tip motion is limited to frequencies below the
lowest mechanical eigenfrequency, such that all the mechanical eigenfrequencies cannot be
excited in the scanning process or excited externally.

There are other problems in regard to a STM design, such as those associated with
material thermal drift, piezoelectric elements properties, and the coupling between x, y and
z drive arms (e.g. the x-y motion is not entirely orthogonal io z). These factors may cause

distortion of the image, and hence influence the quality of the results.
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In order to reproducibly achieve atomic resolution images the sharpness and the
physical and chemical stability of the tunneling tip are critical. Currently, the most popular
tip materials being used are tungsten and Pty g-Irg 2 wires. The standard methods of
obtaining workable tips are electrochemical etching[13 »301 4nd mechanical grinding or
cutting. But the in situ tip structure is difficult to determine, since the tip is often reformed
during imaging because of tip-surface interactions associated with the scanning and
tunneling process. As we know, with the tip positively biased , the electrons from occupied
states in the sample tunnel to the empty states of the tip; on the other hand, with the tip
negatively biased, the tunneling current is determined by the occupied states of the tip and
the empty states of the sample. In other words, the tunneling current is determined by a
convolution of the sample density of states (DOS) and the tip DOS.3 The tip thus may
induce some artifacts in the surface image, and one must therefore exercise caution in the
image interpretation.

In this chapter, the assembly and properties of a STM designed to operate in air are
described. Foliowing this, some graphite images obtained with the microscope will be
presented, which served to establish the capability of the apparatus and to introduce the

author to practical STM techniques.

2.1 Instrumentation

The STM head used for all of the work in this thesis is shown in Fig.2-1. This STM

head was built by Jericho et al at Dalhousie University, and is similar to their previous
design.[m
The main support frame is machined from two pieces of brass and the whole structure

is pocket size (~ 9cm in height) in order to achieve high mechanical rigidity. Also the

10
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Fine screw
=

Main support frame Bimorph

Tripod

Tip
Sample
Sample holder

Spring plates

Sample
holder pad

Coarse screw

Fig.2-1: Drawing of mechanical parts of the instrument.
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tripod, sample holder, sample holder pad, mechanical coarse and fine positioning screws,
and the base (~6.3cm in diameter and 1.3cm thick) for holding the support frame are all
constructed of brass. Therefore, thermal drifts caused by using materials with different
expansion coefficients are greatly reduced.

The tip holder is fixed on a rigid tripod configuration and its movements are
controlled with three identical bimorph piezoelectric disks. The bimorph consists of two
Channel 5800 piezo disks,[>>! each disk is 14mm in diameter and 1mm thick. When a
positive voltage signal is applied to the z-bimorph, the effect is to drive the tip down and
thus shorten the tip-surface distance. The sensitivities of the x and y bimorphs were
calibrated using graphite images and were about 8.8 A/V and 10.3 A/V, respectively. In
actual experiments, graphite images are always used to calibrate atomic-resolution images
of the surface under observation. For large scale imaging, that is, for areal scans greater
than 200A x 200A, we have to use the measured bimorph sensitivities to determine the
dimensions of surface features, since in this case the graphite lattice constant is too small to
be resolved and thus cannot be used for the scale calibration. One can measure the scan
voltages applied to the x and y piezoelectric bimorphs, and multiply them by the
corresponding sensitivities to find the scanning range.

[34] were used for the work

Commercial 0.25-mm or 0.5-mm diameter Pt g-Irg 2 tips
presented in this thesis. They were used either directly or after a mechanical resharpening
treatment. The tip wire was mounted tightly into a stainless steel syringe needle with very
good conduction between them. The syringe needle was glued with insulating 5-minute
epoxy on a conically shaped brass holder which screws into the end of the z-axis drive
arm. Electrical connecton to the tip is made by soldering a fine insulated wire on the
syringe needle and leading the wire to the outside circuit. Every tip was gently washed with

2-propanol before use.
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Usually, a sample is glued onto a thin glass plate to insulate it from the sample
holder, and then mounted on the horizontal face of the holder with 5-minute epoxy.
Electrical connection to a sample can be made by gluing a very fine copper lead wire on the
sample surface with conductive silver paste and connecting the other end of the wire to the
feedback circuit.

The "T" shaped brass sample holder (see Fig.2-1) is mounted by two copper spring
plates. One holds it tightly and presses it horizontally towaid the main support frame and
the other one holds it vertically from the bottom. One end of vertical spring plate is fixed on
the middle of a brass pad, which is not shown in Fig.2-1, and the sample holder sits on the
other end. The brass pad has two threaded holes, a mechanical coarse-positioning screw
passes through one hole pointing directly to the free end of the lower spring plate, and the
fine-positioning screw uses the other hole placed on the other end of the pad far (~ 3 cm)
from the sample holder. If either the coarse or the fine positioning screw is adjusted
counter-clockwise, the sample holder will be moved upward causing a decrease of the tip-
surface gap.

In our lab, the influerce of external vibrations is reduced in the following ways. The
STM head is put on an extremely heavy table (granite slab on LO-REZ springs) originally
used for optical experiments, and several soft papers are put in between the STM head and
the table as cushions. A paper box is used over the STM head, which is found very
effective to isolate the vibrations caused by air currents and acoustic vibrations in the air.
After a tunneling current is established by mechanically coarse and fine positioning the
sample holder and electrically positioning the tip, the coarse-positioning screw is retracted
and the sample holder is then held in position by the upper spring plate alone. The
tunneling unit (tip and sample) is then basically attached to the top piece of brass of the

main support frame and vibrations cannot be transferred through the coarse positioning
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screw. Meanwhile, the feedback circuit will provide an offset signal to maintain the
tunneling current, compensating any change to the tip-surface gap during the operation.
This procedure was suggested by Dalhousie University and was found effective in

reducing the relevant mechanical vibrations.

2.2 Electrenics

The block diagram of our STM electronics is shown in Fig.2-2. The important parts
for the STM are a conducting tip held by a tripod and a conducting sample surface. As the
tip-surface gap approaches a distance of ~ 10A,1 electrons can tunnel with a reasonable
probability between the tip and surface. A bias voltage is applied to the tip, the sample is
virtually grounded, and the resulting current is a sensitive measure of the tip-sample
separation. A feedback loop is used to control tip z displacement. While the tunneling tip is
scanned laterally across the surface with x and y bimorphs controlled by the raster scan
circuit, the tunneling information is simultaneously collected by a PC/AT 286 computer
(IBM compatible) and displayed on an analog RGB color graphics monitor.

There are two operational modes for the STM:

(1) constant-current mode

The tip-to-surface distance is set by comparing the tunneling current to the demand
preset current and is regulated by a negative feedback loop. The feedback amplifier,
consisting ot a pre-amplifier circuit and a feedback main circuit, is basically the same as that
shown in Ref.[32]. In the feedback main circuit, a log amplifier is used to linearize the
exponential behavior of tunneling current, a reference-adjust stage is used to set a demand
current, and an integrator is used to filter the error signal. The output of the integrator

drives the z-bimorph through a high-voltage amplifier (KEPCO BOP1000M)2! which has
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Constant-height mode
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Constant-current mode
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g AMPLIFIER

Fig.2-2: Block diagram of the electronic circuitry of the STM.
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an output offset range of -1000 to +1000V with a gain of 100. By adjusting time constant
(7= R) of the integrator into a small value, one can operate the STM in constant-current
mode with proper tip scan rate. As small 7 results in fast response of the feedback circuit,
and hence fast response to the change in tip-to-surface gap, the feedback system thus can
keep the tunneling current constant on a short time scale. The typical 7 value used in my
experiments is 0.2 ~ 0.6 ms in this mode. As shown in Fig.2-2, the voltage applied to the
z-bimorph (before the high-voltage amplifier) is recorded because the tip z-motion reflects
the suiface profile in this mode. A contrast circuit is used to enlarge or reduce the voltage
signal in order to obtain best contrast image on the display monitor.

(2) constant-height mode:

One can apply a steady voltage to the z-bimorph through out the tip scanning, so that
the absolute tip height is fixed, and the tunneling current is then recorded. By adjusting the
time constant (7) of the integrator to a large value, we can operate the STM in constant-
height mode with fast tip scan rate. As large 7 results in slow response of the circuit, hence
slow response to the z-displacement of tip, thus the feedback system only keeps the
average current constant. The typical 7 value used in my experiments is 0.1 ~ 0.3 s for the
constant-height mode. As shown in Fig.2-2, the tunneling current is taken directly from the
output of the pre-amplifier. Since the output sensitivity of the pre-amplifier is 100mV/nA
and the typical tunneling current is set about a few nano-amperes in experiments, such that
the converted voltage value is large enough that it usually fits properly within the input
window of a DT2851 frame grabber board®%! which is inside the computer and thus the
amplifying contrast circuit is not necessary here.

A clamp circuit is used to limit the amplitude of electric signal between 0V and 1.2V

as required by the input of the frame grabber board in both modes of operation.
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Scan control circuits include a rotation circuit and magnification circuits, which are
used to drive the x and y piezoelectric bimorphs. Based on raster scan signals generated by
a scan generator board inside the computer, the rotation circuit provides the function of
rotating the tip scan orientation, with which one can find out if the tip shape is symmetric
within the scan plane and rule out the relevant artifacts. The magnification circuits provide
the ability to enlarge or reduce the scan signals from the scan generator, and thus control
the scan scales. We usually use another two high-voltage amplifiers (KEPCO OPS
1000B)[3 5 after the outptits of the magnification circuits if large scale imaging is required.
As mentioned in Ref.[32], one can safely apply + 800V to the bimorphs without concern
for strain damage, therefore the maximum scale is at least 12000A in each direction.

All the circuits mentioned above are shown in the Appendix.

A commercial scan gcneratorm] built inside the computer is used to provide a triangle
wave for x scan direction and a wave for incrementing y after every x scan, both with a
voltage range of =5V. The frame grabber board is also a commercial one which is designed
for the IBM PC/AT computer. On the monitor screen, the STM images are composed of
raster scans, with lefi-to-right scans displayed and right-to-left scans blanked; the
horizontal scan lines proceed from top to bottom, and the upward retrace is also blanked.

(37]

Commercial computer software'” '’ 1s used for data acquisition and presentation. All

the images presented in this thesis are basically raw data without fast Fourier transform

filtering.

2.3 Atomic resolution images of graphite with the STM

We can obtain a large atomically flat graphite surface simply by cleaving the sample

with Scotch tape in air, and the resulting surface is very clean and inert. Graphite is the
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easiest material to be imaged by STM, and the imaging has been used to evaluate
instruments and to calibrate other sample images.

Fig.2-3(a) illustrates the structure of graphite, which is very simple with hexagonal
layers of carbon atoms stacked in an ABAB sequence. The crystal is composed of an &
sublattice consisting of atorns with neighbors directly above and below in adjacent layers
and a 8 sublattice consisting of sites without such neighbors.

The STM image of a graphite surface at low bias has two remarkable features, a large
corrugation in the tunneling current over the center of each carbon hexagon, and a
pronounced asymmetry in the current between adjacent carbon atom sites, 1> 225,26, 31,
38401 § ¢ the two kinds of carbon-atom sites appear not equivalent and 3 sites are more
visible than « sites (see Fig.2-3(b)). As was shown by Tersoff, [25] the fundamental
reason for the corrugation is that the STM probes the local electron density of states at the
Fermi level. Since the Fermi surface of graphite is very small, the STM image is a
reflection of the spatial dependence of the wave functions of just a few electron states, and
the current "hole" at the center of each hexagon is due to a node in the wave functions of
the Fermi electrons.!?>! Batra et al.,*®) and Tomanek and co-workers>® 40 have shown
that the carbon-atom site asymmetry is a property of the electron eigenstates resulting from
the AB stacking of the graphite.[26’ 39,40} pe bonding between the interlayer nearest
neighbors affects the surface charge density. We will present a simple tight-binding model

shown in Chapter 3 which is also capable of describing the main features of the STM image

of pristine graphite.

constant-height mode on three different surface locations of the graphite with a 0.5-mm

Ptp 8-Irp 2 tip. The brightness in the images does not correspond to the height of the
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Fig.2-3: (a) Graphite AB stacking structure with a- and - type carbon-atom sites in
2D perspectives. The surface graphite layer is indicated with solid hexagons
and the nearest subsurface graphite layer with dashed hexagons.
(b)Individual B type atoms spaced 2.45A apart are resolved on a graphite
image (3D perspective) obtained with the STM in constant-height mode.
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surface, but to the variation of the tunneling current at a fixed tip height. Fig.2-4(a) shows
the typical graphite image consisting of an array of bright spots with the expected
hexagonal structure and only three bright spots per carbon hexagon. The image was tuken
at a positive tip bias of 8.4 mV and an average tunneling current of 4 nA. Two larger area
atomic-resolution images obtained later are shown in Fig.2-4(b) and (¢), taken at about the
same tip bias and an average current of 2 nA. The deviation from the ideal hexagonal
pattern that is apparent in the figure results from the different x and y scales of the screen
from which the photograph was taken.

From the images, we see that the surface is not that perfect when viewed in relatively
larger scale, there are some defects as small in size as that of a few atoms. Upon closer
examination of Fig.2-4(c), one notices that there is a little distortion along the y direction
that appears in the form of zigzag rows. Since the scan frequency on the x direction is
much larger than that on the y direction of the computer screen, and faster scan will help to
separate the signal from low frequency noise, one finds it relatively easier to get image
distortions along the y direction.

Four more graphite images shown in Fig.2-5 demonstrate tip induced artifacts and the
subtlety of interpreting atomic-resolution STM images. In the image shown in Fig.2-5(a),
the bright spots appear triangular in space; in Fig.2-5(b), a honeycomb array appears in the
image; in Fig.2-5(c), the image shows a loss of three-fold symmetry because the bright
spots are stretched in rows; in Fig.2-5(d), the bright spots appear round in shape. Mizes et
al.?7} have shown that two single-atom tips can cause effects that account for the image
variations shown. The STM image is a superposition of two single-atom-tip images, the
second shifted by the relative separation of the two tip atoms. Since each image is
dominated by only three independent Fourier components, the superposition would result

in the 3rd set of three Fourier components of differing amplitudes and phases. Different
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(b)

Fig.2-5: Four different types of graphite images obtained with the STM. (a)The
bright spots appear triangular in space. (b)A honeycomb asray appears in
the image. (c)The image shows a loss of three-fold symmetry. (d)The bright
spots appear round in shape.
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to various image patterns shown in Fig.2-5. Since the tip structure is unknown and its
properties are also involved in the tunneling process, it is hard to determine experimentally
which image is the principal image obtained with a single atom tip. Images shown in Fig.2-
5(b) and (c) can be ruled out because of the known symmetry of the crystal lattice, but the
remaining two are the candidates for a principal image. Nevertheless, the unit cell
periodicity of the crystal is always visible in all of the four images.

The last two images, shown in Fig.2-6, were obtained from a graphite surface being
scanned in perpendicular directions to demonstrate the rotation functions of the control
circuits. We see the defect (about 15 A x 30 A in size) has changed in orientation by 90
degrees from one image to another, as a result of rotation of imaging. The brightening
effect shown in Fig.2-6 is an electronic artifact, as one notices that the brightness is always
associated with those horizontal scan lines over the defect. Such an artifact is related to the
way in which the data are acquired. Because in constant-height mode the time constant (7)
of the feedback circuit is very large, and with fast scan operation the circuit responds
insensitively to the tip-surface gap variation related with the surface unit cell periodicity, but
the feedback still functions in terms of keeping the average current constant. The tunneling
current is recorded to profile surface atomic structure in this operation mode. When we deal
with a perfect surface there is no electronic artifact due to the feedback function. However,
when we image a surface with a larger defect like the one shown in Fig.2-6, the strong
current depression over the defect leads to a compensating current growth (the brightness)

near the defect due to the feedback function in order to reach constant average current.
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Fig.2-6: Constant-height mode images obtained from a graphite surface being
scanned in perpendicular directions demonstrate the rotation function in the
control circuits.



Chapter 3

Theory of STM imaging of intercalated graphite

Graphite has been a prototype material for STM studies, since it is very easy to get
large atomically flat surface that exhibits a perfect lattice over thousands of angstroms. As
we have seen in Chapter 2, there are two anomalous features in a graphite image—a large
corrugation over the center of each carbon hexagon and a substantial asymmetry of
neighboring carbon sites, which differ drastically from the surface topography. Also,
neither of them can be understood within a simplistic picture that the STM images the total
electron charge density of the surface which shows only modest variations across the basal

(25] 18 due to the unusual electronic

plane.[26’ 31} The first anomaly, as shown by Tersoff,
structure of a single graphite layer, in which the Fermi surface collapses to a point at the
comer of the surface Brillouin zone. Because the STM probes the local electron density of
states at the Fermi level, the small Fermi surface of graphite results in a node in the wave
functions of just a few electron states over the center of each hexagon. Others found that
elastic interactions between the STM tip and the surface could strongly enhance the
corrugation amplitude,[4” especially in the case of contaminated surfaces.!*? The second

1 [26] and Tomanek and co-workcrsmg' 40] 18

anomaly, as demonstrated by Batra er a

primarily a property of the bulk material, attributed to the AB stacking of the graphite.
The electronic properties of graphite can be modified systematically by intercalating

various guest species into the galleries between the carbon layers. Since intercalation

always occurs with a charge transfer between the intercalate and the graphite, the intercalate

is defined as a donor or an acceptor according to the direction of the Fermi level
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displacement. These structure and additional charge modifications will influence the energy
bands and the Fermi surface at the sample surface, and should be reflected in the electron
tunneling process. While the physics of graphite intercalation compounds (GIC's) has
attracted a great deal of attention in recent years,[43’4‘4] the surface properties of these
compounds remain largely unexplored. The STM should be an excellent probe for these
surfaces.

In this Chapter we present our theory of the STM images of graphite and GIC
surfaces, which is applicable to both donor and acceptor intercalate species and to staged
structures.[*> 48] We show that the corrugation amplitude and the carbon site asymmetry
are sensitive to the charge transfer between the guest and host, to the distribution of the
transferred charge among the host layers close to tae surface, and to the near-surface band
structure. Based on this, it should be possible to use the STM to map out the pattern of
stage domains at a GIC surface. Even in the bulk case, there are important unanswered
questions about the domain structure and elecironic properties of GIC's, 43 44 which
makes such surface studies all the more interesting. A surprising prediction of our theory is
that in many cases there should be no carbon atom asymmetry in the STM image even
when the usual AB stacking of the graphite layers occurs at the GIC surface, and that the
asymmetry should switch on discontinuously with decreasing charge transfer. We also
predict that donor GIC's should have stronger carbon site asymmetries than acceptor GIC's
with the same absolute value of the charge transfer per carbon atom. We present a possible
explanation of the remarkable absence of atomic-scale features in the STM images of BiCs-
graphite reported by Gauthier et a/ I47] The absence of carbon-site asymmetry and the
reduced corrugation amplitude predicted by the model for the STM images of SbCls-
graphite have recently been supported by Biensan ez al in their experiments on a similar

charge transfer coefficient GIC, CrCl3- graphitc.[48]
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We briefly summarize the structure of graphite intercalation compounds in 3.1. Our
theoretical model is described and analyzed in 3.2. The results are presented in 3.3.

Finally, we outline our conclusions in 3.4.

3.1 Graphite intercalation compound (GIC) structure

When a layered host material such as graphite is intercalated with a guest species, the
guest atoms fill some of the galleries between the host layers, leaving others empty. The
new ordered structure has a period consisting of a guest layer followed by n graphite host
layers. This is called a stage n compound.

The characteristic structurc of a GIC is represented in Fig.3-1 which shows a slice
through the crystal perpendicular to the host layers. Fig.3-1 shows a stage 4 compound
with every 41 gallery occupied by the guest, but the crystal is divided into Daumas-Hérold
domains with different galleries being occupied by the guest in adjacent domains.**! In this
Chapter we will discuss surfaces such as the top surface in Fig.3-1, where the number m
of graphite layers covering the guest layer closest to the surface depends on the particular
domain involved. These m surface graphite layers are very different from the ordinary
pristine graphite. It is known that the formation of GIC's is accompanied by charge transfer
and screening effects. The electrons (holes) which are transferred to the graphite from the
donor {acceptor) guest screen the charged guest layers, and their concentration is highest in
the graphite layers closest to the guest. Because of the unusual band structure of the
graphite, the screening is nonexponential, with the screening charge density and the
associated potential decaying roughly as a power of the distance from the closest guest
layer. [50] Consequently, in the surface region, there are electrostatic potential differences

between the m graphite layers, which should be included in the Hamiltonian of the system:.
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In addition, the Fermi level of the system is shifted from that of pristine graphite because of
the transferred charge. Clearly , the different () surface domains have different potential
distributions, energy bands and Fermi surfaces, and, therefore, STM images which can
differ markedly from each other and from that of pristine graphite.

In our model we assume that the stacking sequence of graphite layers, where ir is not
interrupted by the presence of a guest layer, is still the usual graphite ABAB stacking
sequence. This is known to be correct in the bulk case for most staged GICs.[4- 41y
this stacking there are two kinds of carbon atom sites: & sites which are adjacent to carbon
atom sites in the neighboring graphite layer(s), and B sites which are adjacent to the
(vacant) centers of the carbon hexagons in the neighboring layers, as shown in Fig.3-2(a)
and (b).

Experimentally, surfaces such as those shown in Fig.3-1 can be prepared by cleaving
a GIC sample, and at least in the case of SbCls-graphite, the surface domain structure
appears to be sufficiently stable to be studied in vacuum, according to the high-resolution
scanning ion microprobe work of Levi-Setti ef alBl Lagués, D.Marchand and
C.Frétigny[sz] have suggested that some guest species may tend to segregate towards the
surface leading to an increased guest concentration in the first sub-surface gallery, while the
opposite effect may occur for other guests. Qur theory is applicable also to such systems,

as well as to graphite mono-layers and multi-layers on clean metal surfaces.
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Fig.3-2: Graphite AB stacking structure with @ and S type carbon-atom sites in
(2)2D and (b)3D perspectives where ITol = b = 1.424 and It3l = cp = 3.354,
and (c) the hexagonal 2D Brillouin Zone where wavevector k = u + x and
u = (271/3b, 21/33/2p).
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3.2 The theoretical model

Our starting point is the result of Tersoff and Hamann,”* that at low bias voltages,
for a simple s-wave model of the STM tip, the tunneling current 13 proportional to the local

density of states at the Fermi energy EF which is given by

P(raEF} = kz l lI"in{n(r)g zé{Ekn“EF)
n

where r is the center of curvature of the tip and Wy, (r) and Ey, are the electron eigenstates
and energy eigenvalues of the sample. The STM image in the constant-current mode
represents a contour of constant p(r,Er).

The whole idea of the theoretical considerations is presented in the block diagram
shown in Fig.3-3. To calculate p(r,Er) for the STM image of a surface domain, we
structure the model Hamiltonian of the system so as to include the effects of transferred
charge distribution (which depends on m and intercalate charge transfer value f), and use a
modification of the tight-binding model of Blinowski and co-workers?> 3 (o find the
wavefunctions Wk, (r) of the states near the Fermi energy.

The tight-binding model of Blinowski and co-workers has been used successfully to
describe the bulk electronic properties of staged GIC's for the larger guest species.
Compared with their model, our tight-binding model uses the same basis states i;y(r) (built
of carbon atomic 2p, orbitals ¢,(r) ) for the wavefunction W, (r) of the system of m
graphite layers, but a different form of the Hamiltonian. The m graphite layers in their
model are in the bulk of GIC, and they treat the charge-distribution-related Hamiltonian
matrix elements phenomenologically. Our interest is in the surface region, and we calculate

the charge distribution and hence find its effects on the Hamiltonian matrix elements by
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Theoretical modei: a modification of tight-binding model of Blinowski et al

Charge Potential
m |+ | transfer |— distribution H' = Ho + V(z2)
value f V(z)

by solving the non-linear
self-consistent Thomas-
Fermi equations of Safran
and Hamann
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numerically solving the nonlinear self-consistent Thomas-Fermi equations of Safran and
Hamann.P%

We note that simple tight-binding models are known to be capable of describing the
main features of the STM image of pristine graphite.ld'@I Our calculations reproduce the

results of the published first principles calculations of the STM images of multilayer slabs

of pristine graphite[zﬁ] as well as of graphite monolayerslzﬁ with reasonable accuracy. For
example, we find an asymmetry of ~0.6-0.7A between the eand f sites of a four layer
slab of pristine graphite in constant current mode, which is close to the 0.5A found by

Batra er al %! under similar conditions using a self-consistent pseudopotential method.

A. Potential and charge distribution

The Safran-Hamann Thomas-Fermi theory has, in the past, been found adequate tor
the description of GIC energetics of staging, a phenomenon which is very sensitive to the

[43.44, 50, 55. 56] Safran and Hamann derived the

distribution of the transferred charge.
nonlinear self-consistent Thomas-Fermi equations and solved them analytically to give the
bulk potential uistribution in GIC's. We calculate the potential distribution of a surface
domain by solving the equations numerically for a semi-infinitec GIC with appropriate
surface boundary conditions.

Three important approximations are involved in the derivation of the nonlinear self-
consistent Thomas-Fermi equations of Safran and Hamann:°%) (a) the transferred charge is
homogeneously distributed in the layers perpendicular to the ¢ axis, i.e. both the graphite
and the intercalant layers are treated as charged sheets with an inhomogeneous potential
along the ¢ axis only;[57] (b) the effects of the small ¢ axis band dispersion of the graphite

energy bands are neglected, so that the energy bands can be described by a two-
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dimensional model; >8] {c) a continuum approximation to represent the distribution

between the intercalant layers is adopted. [58]

For donor guests, the Thomas-Fermi energy of the system is then given by[50]

E(ne)=’21' [eV@D)ni(z) ~ ne()]dz + [tHne)ne(z)dz , (D

where n;(z) and n.(z) are the intercalate-ion and electron carrier density in the ¢ axis
direction, respectively; #(n,) is the total band energy per electron due to the in-plane (2D)
graphite band dispersion; V(z) is the potential distribution, and the electron potential energy
is (-e)V(z2).

The first term 1n Eq.(1) represents the electrostatic energy, with V(2) satisfying

VO () - ma@) @
B

where €=5.4 is the c-axis dielectric constant!>Clof graphite layers.

The second term in Eq.(1) is the band kinetic energy of the electron carriers. The
graphite band dispersion is given approximately by £(k)=(3/2) Yoblkl,P 3,54) the energy
being measured near the location of the Fermi level of pristine graphite. Here b=1.42A is
the in-plane nearest neighbor distance of graphite, x is the 2D wavevector measured from
the corner of the hexagonal 2D Brillouin Zone(see Fig.3-2(c)), % =2.51eV3 is the tight-
binding Hamiltonian matrix element associated with in-plane nearest neighbor coupling. [53,
33 The total band energy per electron #(,) is then

)
t(ng) = § ton” 2 3)

€
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v

where to= (3/2)Y%ob(nco)!?, and cp= 3.35 A is the interlayer spacing of graphite.
Based on the Thomas-Fermi approximation, if #(#.) and (-e)V(z) have their zeros
defined by the Fermi level of pristine graphite, the minimization of Eq.(1) with respect to

n.(z) yields a local relation between charge and electrostatic potential (501

eV(2) = ton'*(2) €5

and one can rewrite Eq.(2) and (4) as

"Z‘?f) = &) - Fild) )
() = (&), )
where o(z) =eV(z), (7
A = ne(2) . AAE = fini(2) ®)
and &= (e/to)(dnfe) Pz . )

In the region of graphite layers, n;(z) = 0, we combine Eq.(5) and (6) to yield

298 ~
1 =925 . (10)

Now, let us consider the boundary conditions at the intercalate layers. We define o,

the areal charge density on the intercalate layers, as
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O"=—qf/§ (11)

£

.Q 1)

where f is the number of electrons received or donated per intercalate unit; gxn is the
number of carbon atoms per intercalate unit for stage n GIC, which is related with the
stoichiometry of GIC's; 2= 3b%sin60° is the area of the unit cell of 2D graphite. Thus,
2f/q is the number of electrons transferred per 2D graphite unit cell on the intercalate layers.
Therefore, at the Lth intercalant layer, the boundary conditions are given by[SO]

KD =D (12)
9ED-9'CED="D, (13)

where p = 20 1o(n/€)!2, & | and & | are locations just above and below the Lth intercalant
layer, respectively (see Fig.3-4).

The numerical results presented here are for a medel in which the intercalate layers are
represented by charged sheets of infinitesimal thickness so that electro-static boundary
conditions at the graphite-intercalate intcrfaces take the simple form (Eq.(12) and (13)). We
have also carried out more detailed calculations in which finite intercalate thickness typical
of various GIC's are assumed and found the effect on the calculated STM images to be
very small (<0.01 a.u.), justifying the above idealization.

In order to solve the potential distribution of a surface domain (m graphite layers), we
need to give appropriate surface boundary conditions. Since there is no free areal charge
density on the GIC surface, and the GIC should be neutral as a whole, for a semi-infinite
GIC, we can take the electric field outside the GIC to be zero, so that the surface boundary

condition is
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Fig.3-4: Schematic representation of the charge transfer associated potential energy
distribution between intercalant layers and between the surface and the 1st
subsurface intercalant layer.
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¢;' =0. (14)

We multiply Eq.(10) by 2¢'(£) and integrate over the near surface region (o< £ <s,

see Fig.3-4) with the consideration of the surface boundary conditions to obtain

0'©=- 131018 -l 12 . (15)
Similarly, in the region §; < §< &7,

') = { (A8 - g, 112, (16)

where @, is the minimum value of the region.

From (12), (13) and the above Eq.(16), we obtain

15 @har= Oop M2 + (3000~ 0hps N2 =—p. (a7

By integrating (15), we find

)]
—(3vp ___4d
TeG) J(¢3~¢i>1/2 ’ o
s

where s is the distance from the first intercalant layer to the surface. Similarly, from (16)
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dr Qr+1
d= ()2 “3“4%—-—— + ““‘i‘”g%“‘“"‘? b (19)
(¢ - ¢mL)1/L (@A - ¢;HL)”2
‘me Pl

where d=1& - &7, 1is the distance (corresponding to nco in z-space) between two
neighboring intercalant layers.

Defining

1
dy

f) = (2 (20)
2 J [y (1 -y
we rewrite (18) and (19) as
(‘Ps)l/z =f(¢s /‘pl) ’ (21)
S Omi 100+1) = (@mp)V2d — [y, /91) . (22)
and (17) as
Oniet = (9], ~ L (3% — (07, - 8L )12 12 )15 (23)

Thus, (21),(22) and (23) are our iteration equations. We try a value of ¢, and obtain ¢
from (21), then use (23) and (22) repeatedly to find @1, @2, @2, ¢s... etc. The iteration of
¢me(or ¢1) should tend gradually towards the bulk solution @, (¢5), otherwise the initial
value ¢ should be adjusted until a proper ¢ i. found. ¢, and ¢, are determined by

numerically solving the following two equations
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202(9% - 03, N2 =p , (24)
)
o3y [ db
d=2(3) ERpRe (25)
‘pmb

Having found ¢, we use the Runge-Kutta numerical method for solving the initial
value problem for the differential equation (15) to find ¢(&) in the surface region (0 < E< s,
or 0 <z <mcg), and hence the potential distribution V(z) among the m surface graphite
layers.

The above treatment can be easily extended to the case of acceptor GIC's. The form
of V(z) obtained is the same as for donors except for sign.

Since we treat the intercalant layers as uniformly charged sheets, the model
Hamiltonian (see below) does not reflect superlattice effects (due to the in-plane intercalate
periodicity being different from that of the graphite). This simplification appears to be a
reasonable one since A.Selloni and co-workers,[®% who carried out detailed
psuedopotential calculations for the case of stage 1 LiCg, found the superlattice effects on
the STM corrugation amplitude to be very small. Note however that some recent
experiments carried out by Kelty and Lizber®! in an argon atmosphere suggest that in

some stage 1 alkali-metal GIC's such superlattice effects may be observable.

B. Tight-binding H matrix

In our tight-binding model Hamiltonian of the graphite layers we follow Blinowski
and co-workers®> > 3] by including only the nearest neighbor in-plane and interlayer
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hopping terms. All electronic hopping terms between host layers separated by a guest layer

are ignored. For a single graphite layer, as there are two atoms per unit cell, the
wavefunction with wave vector K is constructed using two tight-binding basis functions
u;k(r) built of atomic 2P; orbitals @.(r). For a system of m graphite layers, the

wavefunction W is then a linear combination of 2m tight-binding basis functionst>> 74!

uik(r) = C % exp[ik*(R, + T)]¢.(r- R, - T)) , (26)
Rn
Yk(r) = ¥ aixui(r) (i=1,2,... 2m), 27N

where C is the normalizing factor , k is the 2D wavevector, and R,= njA| + nA5 is the
2D lattice vector formed from primitive translation vectors Aj and As. T j.1 and Tp;
(=1,2,...m) are the shortest vectors from the origin T;=0 (see Fig.3-2) to acand S type
atoms, respectively, in the jth graphite layer.

In the basis defined by equation (26) our approximate Hamiltonian for an m =4

surface domain is represented by the following matrix

H A, —Ygk) % 0 0 0 0 0

~Yog" (k) HjA, 0 0 0 0 0 0
N 0 Hyth, ~Yg'k) 7 0 0 0
0 0 ~%gk) HyxA, 0 0 0 0
0 0 I 0 H A, —Ygk) N 0
0 0 0 0 ~Yog (k)  HyZA, 0 0
0 0 0 0 " 0 HytAy ~Yhe'(k)
0 0 0 0 0 0 ~Yog(k) H,*A,
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where A;represents the potential energy in graphite layer j, which is determined by
averaging the self-consistent screened potential energy eV(z) over the range of ¢ occupied
by the jth layer; g( k)=exp(1k*’tz)+exp(ik*D3'cg)+exp(ik*D3‘1’Cg),[53* 51 and D3 is the
operator of the 2773 rotation about the c-axis; ¥ is the resonance integral®>: > hetween the
carbon 2P orbitals of nearest-neighbor o3 atoms within a graphite layer, while %] is that
between the orbitals of nearest-neighbor a- atoms on adjacent graphite layers. We take
Yo=2.51eV and ¥;=0.377eV % e g sign is for the case of acceptor guests and "-"
sign for the case of donor guests. All matrix elements between two carbon atoms separated
by more than the distance cp are neglected. Also, all matrix elements between graphite
layers separated by a guest layer and between graphite and guest are neglected.

Shifting all energy levels by H,;1A;, we write the secular equation of the matrix (28)

as

-E % 0 0 0 0 0
—~x* -E 0 0 0 0 0 0

N 0 —(E+8p) —x' % 0 0 0

0 0 ~x —~(Exé;p) 0 0 0 0

0 0 % 0 —(Etd;3) —x % 0 =0 (29)
0 0 0 0 X" —HExé;3) O 0

0 0 0 0 % 0 —(Etéy) —x

0 0 0 0 0 0 —x  —(E£84)

where 8;;=A;-A; is the potential energy difference between the first graphite layer and the

Jth layer, which is always a positive value, and x represents Yg(K).
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For m<4 surface domains, the A matrices are simply the upper-left 2mx2sm parts of
the m=4 matrix.

Thus, in our model the presence of the intercalate is felt only through its influence on
the site-diagonal Hamiltonian matrix elements &;; (j=2,...m) and on the total number of
electrons present. The former are very sensitive to the charge transfer value 2f/g and m, and
the latter is ultimately determined by the value 2f/g.

Using as input the results of the self-consistent Thomas-Fermi calculation of V(z)
described in 3.2.A, we find the matrix elements of the tight-binding Hamiltonian of the m
surface graphite layers. We then solve the secular equation (29), determine the energy
bands and the Fermi level, and evaluate p(r,Ef) using Herman-Skillman tight binding

carbon orbitals.[62]

3.3 Calculation results

In Fig.3-5 we show the calculated constant-current STM profiles for a typical
acceptor GIC, stage 4 SbCls-graphite, with stoichiometry SbClsCy444 and charge transfer
coefficient f=0.31[63] (2f/q =0.31/7). SbCls-graphite is of particular interest because of the
previous experimental observation of the surface domain structure in that system.[5 1

The results for a stage 4 alkali-metal donor GIC with stoichiometry MCg,4 and f=1
(2f/q =1/3) are shown in Fig.3-6. MCg,4 is a donor GIC with a high areal density of
transferred charge.

In Figs 3-5 and 3-6, the vertical axis represents the distance from the center of
curvature of the tip to the plane containing the carbon nuclei in the surface graphite layer.

The horizontal axis stands for the surface coordinate. Curves 1,2,3 and 4 in each figure

correspond to m=1,2,3 and 4 graphite layers at the surface covering the top guest layer as
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Fig.3-5: Calculated constant-current STM profiles for stage 4 SbCls-graphite surfaces
(curves 1-4 correspond to m=1-4 graphite layers covering the top guest layer as in
Fig.3-1), and for a 4-layer slab of pristine graphite (curve g). For curve g the Fermi
energy was taken to be 0.0258eV to reflect in a rough way the thermal broadening
of the Fermi surface as discussed by Batra et al.?%) The scans shown are along PO-
OQ-QP in the inset. Inset: Structure of the surface graphite layer (solid hexagons),
and (for cases m=2,3,4) of the first subsurface graphite layer (dashed hexagons).
No corrections for finite instrumental resolution are included.
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Fig.3-6: Calculated constant-current STM profiles for stage 4 MCgyg alkali metal-
graphite surfaces and for pristine graphite. Notation as in Fig.3-5.
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in Fig.3-1. Curve g, shown for comparison, is the result for a four-layer slab of pristine
graphite. The scanning path across the surface is along the line PO-OQ-QP as defined in the
inset of Fig.3-5. The points labelled & and S on the horizontal axis mark the locations of
the arand 3 atoms of the surface graphite layer. The five curves in each figure correspond
to the same tunneling current. With increasing m, the charge density of the top surface layer
decreases due to the screening, so that the tip has to be closer the surface in order to keep
the same tunneling current. Thus the curves shift to lower distance with increasing » in the
Figures.

Among alkali metal GIC's only Li-graphite has equilibrium phases with a bulk
stoichiometry of MCg,,, at ambient pressures, the other alkali metals being more dilute.
However, guest concentrations as high as MCg in the first sub-surface gallery have been
reported for the other alkali metals.’?] As shown by Lagues and co-workers,[5% 64631 i
many graphite intercalation compounds the intercalant composition near the surface is often
different from their bulk one: donor compounds exhibit an increased intercalant
concentration near the surface, whereas acceptor compounds at equilibrium exhibit two or
three pure graphite layers at the surface. While the results shown in Figs.3-5 and 3-6 are
for stage 4 compounds, the calculated profiles are very insensitive to the bulk stage, and
reflect mainly the number of graphite layers covering the guest layer closest to the surface,
and the in-plane density o or the 2f/g of that guest layer. The physical origin of the
insensitivity to the bulk stage is that the influence of the 2nd guest layer from the surface is
very weak because of the screening effects.0% Thus the results presented are also
representative of other bulk stages with similar in-plane densities.

A striking feature of the STM profiles shown in Figs 3-5 and 3-6 is the marked
reduction in the strength of the depression at the center of the carbon hexagon upon

intcrcalation. This feature was evidenced recently in the STM imaging of CrCls-graphite
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surface reported by Biensan er al. ¥ This is due to the fact that the Fermi surface of the
graphite is greatly expanded by the carriers transferred from the guest. so that the wave
functions of the Fermi electrons no longer have an exact node at the hexagon center, as was
anticipated by Tersoff. (25 The increase in the stren gth of the depression as the number of
host layers m between the first guest layer and the surface increases can be understood
qualitatively as an effect of the screening of the guest layer by the transferred charge: The
further the surface graphite layer is from the guest layer the smaller the free carrier density
at the surface and the more the STM image resembles that of pristine graphite. The
depression in the profile is weaker for a given value of m in Fig.3-6 than in Fig.3-5 for two
reasons: (a) There is a higher density of transferred charge in the former case, and (b) The
linear combination coefficients a;, which determine the form of the electron eigenfunctions
Y are different for donor and acceptor guests in such a way that the corrugations are
weaker for donors than for acceptors even when 2f/g and the shape of the Fermi surface
(but not the Fermi level) are the same.

The combination of these effects is so strong when there is only one graphite layer
covering the alkali metal guest (curve m=1, Fig.3-6 ) that the STM image is predicted to be
nearly featureless on the atomic scale. Thus we are able to explain the quite remarkable
absence of atomic scale features in the STM image of BiCs-graphite reported recently by
Gauthier et al,[47] if as was noted by those authors, there is a high concentration of Cs in
the first subsurface gallery of their samples due to segregation effects.[*7)

The calculated corrugation amplitudes increase by about 20% if the average tip-to-
surface separation is decreased by 2.5 a.u.(see Fig.2,3 in Ref.[45]), but the carbon site
asymmetry values do not show strong dependence on the tip separation.

The behavior of the asymmetry between the o and [ carbon sites is very interesting.

There is no hint of any asymmetry for m=1 or 2 in Fig.3-5 or for m=1,2, or 3 in Fig.3-6.
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This is a surprise since bilayers and trilayers of AB stacked pristine graphite display a
strong asymmetry. Tomanek and Louie™ have pointed out that in stage 1 alkali metal
GIC's which have AA stacking there should be no carbon atom asymmetry since the
asymmetry is linked to AB stacking. In agreement with our calculation, Biensan et a/ [48]
also show the absence of carbon-site asymmetry in their experiments on m=1 domain of
stage 2 CrCl3-graphite which has a similar charge transfer coefficient to SbCls-graphite.
The experiments did not show any evidence of absence of carbon site asymmetry in
nominally m=2 domain, but the identification of the m=2 nature of the surfaces was indirect
relying on bulk x-ray diffraction data.

Here we predict that the the asymmetry should be absent for small numbers of
graphite layers covering the first guest layer, even for AB stacking. One can think of this
very roughly as follows. The coupling between adjacent graphite layers is the reason why
the CSA in the STM image of pristine graphite is linked to AB stacking. The coupling is
stronger at « sites than f3 sites since the distance between the nearest-neighbor -« sites on
adjacent layers is the shortest one. Therefore, on the top surface layer the electrons on the ¢
atoms have the iarger probability of being attracted downward due to the coupling with the
layer underneath, so that the 8 atoms are more visible in the STM image. When we
intercalate some guests, say, acceptors, the charge transfer effect will cause carbon atoms
to lose electrons. The electrons on the 3 atoms are somewhat less tightly bound to their
sites and thus have the greater probability of being taken up by the intercalate. If the charge
transfer is strong enough, it is possible to greatly reduce the difference between ¢ and 8
sites in the STM image. This is a yery rough and intuitive explanation; a more detailed
explanation of the absence of CSA based on the properties of the system wavefunctions,

the energy band structure and the Fermi surface will be given later below.
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The asymmetry appears abruptly at m=3 in Fig.3-5 and at m=4 in Fig.3-6 but is
weaker than in pristine graphite. This is quite different from the behavior of the corrugation
hole at the center of the carbon hexagon which never disappears totally and grows
smoothly with increasing m. We find that the finite asymmetry appears discontinuously
with decreasing charge transfer at fixed m>1, when the highest electron (deepest hole)
surface subband is emptied of electrons.

In Fig.3-7(a) we show the calculated carbon site asymmetry vs. 2f/g for m=2 surface
domains. The CSA value is the height difference between @ and f sites in the STM image.
Curves "D" and "A" represent donor and acceptor guest GIC's, respectively, with the same
constant tunneling current. In the Figure, there is a point at which the CSA switches on
from zero to a finite value. The corresponding 2f/g is about 0.034 which varies very
slightly (by < 5%) with the bulk stage. As the STM probes the local electron density of
states at the Fermi level, the discontinuity should be linked with the energy band structure
and the Fermi level of the system. Figures 3-8(a) and (b) show the energy bands of pristine
graphite bilayers and the m=2 surface domain of a donor GIC at the onset of the CSA with
=0, respectively. Notice that the Fermi level coincides with the bottom of the highest
electron surface subband in Fig.3-8(b). Consider the situation at k=0, the corner of the
hexagonal 2D Brillouin Zone (see Fig.3-2(c)). There g(k)=0, and the m=2 secular
equations are

—aq1E+ay1 =0

-aE =0

o~
P
S

—aY-ai(E-012)=0

—ayE-612)=0

For pristine graphite bilayers, 01, = 0, and Er = 0 as shown in Fig.3-8(a). Then from (31)
we find a; = a3 = 0, but a; and a4 are not equal to zero. From Fig.3-2(b) it is clear that this
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Fig.3-7: The calculated curves of carbon site asymmetry vs. 2f/q for (a) m=2, (b)
m=3, and (c) m=4. A = acceptor, D = donor.
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means that the Fermi electron wavefunction vanishes on the « sites. The tunneling current
is therefore contributed only by f type atorns implying a strong CSA. By contrast, for a
donor GIC at the CSA onset, the £r just approaches the bottom of the highest electron
surface subband E¢y. Since in this case Er > 813, it follows from (31) that for states at the
bottom of this subband a; = a4 =0, but @) and a3 are not equal to zero. This means that the
subband E¢; strongly favors the « sites. Since the lower conduction surface subband E¢a
also has many states at the Fermi level, and this subband strongly favors 3 sites, by adding
these two parts we get the tunneling current contributed not only by iype but also by &
type atoms implying a greatly reduced CSA. The higher conduction surface subband is
parabolic at its extremum, which implies that (in two dimensions) it has a nearly constant
density of states. Thus its contribution to the tunneling current (which strongly favors the «
site) switches .off discontinuously as it empties, which explains how it is possible for the
asymmetry to be a discontinuous function of the Fermi level, or of the 2f/g. The calculated
results show that there is no CSA when £ 2 E¢1(k=0).

We find that the energy bands of an acceptor GIC are simply the mirror image of
those of the donor GIC with the same 2f/g, and the Fermi level is the¢ same in magnitude
and differs only in its negative sign. That is why both kinds of GIC's have the common
CSA onset.

From (31) we can obtain analytically the condition for the absence of CSA for donor
GIC's in the case of m=2: Er > [612 + (8122 + 4% H)V2)/2. Similarly, for acceptor GIC's,
the condition is Er < -[812 + (612° + 4119 2)12.

The CSA vs. 2f/q is plotted for m=3 and m=4 cases in Fig.3-7(b) and (c), and the
respective energy bands in Fig.3-8(c) and (d), and (e) and (f). In Fig.3-7(b), the onset for
m=3 is at about 0.175 which is much larger than the value for m=2. This is reasonable

since the screening of the 1st guest layer increases with m, and the larger m, the less the
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Fig.3-8(a) and (b):  The energy band structure of » graphite layers with 8 = 0 (the band
structure will change somewhat with 8, but the relative locations of
subbands are always close to that shown). Pristine graphite bilayers
in (a), m=2 surface domain of donor GIC's at the CSA onset in (b)
with 2f/q value of 0.034.
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Fig.3-8(c) and (d):

The energy band structure of m graphite layers with € = (). Pristine
graphite trilayers in (c), m=3 surface domain of donor GIC's at the
CSA onset in (d) with 2f/g value of 0.175.
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Fig.3-8(e) and (f):  The energy band structure of m graphite layers with &= 0. Pristine
graphite 4-layers in (e), m=4 surface domain of donor GIC's at the
CSA discontinuity in (f) with 2f/g value of 0.037.
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charge transfer affects the top surface. In Fig.3-7(c) the screening for m=4 1s so strong that
there is some CSA even when 2f/q reaches 0.5. But notice that the CSA jumps from a
lower to a higher value when the 2nd conduction subband empties as shown in Fig.3-8(f).
This occurs at an 2f/g of about 0.037, and the conditions of lower value of the CSA are that
Ep 2 Ec>(x=0) for donors and Er < —Ec»(x=0) for acceptors.

In general, the 2f/g at the CSA onset increases with m because of the eftects of
screening. The overall trend is for the CSA to increase with decreasing 2f/g, but some
deviations from this do occur. The difference between donor and acceptor asymmetry
values tends to decrease with 2f/g. It 1s zero for 2f/¢=0, i.e. for pristine graphite. For a
fixed 2f/g the donor CSA is always larger than the acceptor CSA; this is because the form
of W is different for donor and acceptor GIC's even though their Fermi surfaces are the
same.

It is interesting to see from Fig.3-7 that for some GIC's the CSA may be larger for
smaller m. Fig.3-9 shows the STM images of m=1,2,3 and 4 domains for stage 4 MCjo,4
with an 2f/g=1/6. The asymmetry decreases significantly from m=3 (dashed line) to m=4.
The reason is that the different surface subbands contribute differently to the asymmetry
strength, so that their number and character and the location of the Fermi level relative to
them are all important aﬁa’ change with m. It is clear that careful asymmetry measurements
would be very interesting.

An excellent way to test our predictions experimentally would be to map out the
surface domain structure of a freshly cleaved staged GIC, since different domains with
different m values should have differing corrugation strengths and carbon atom site
[49]

asymmetries, as well as having their surfaces offset vertically from each other'™”’ because

of the bends in the graphite layers at the domain walls.
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Fig.3-9: Calculated constant-current STM profiles for stage 4 MC)x4 alkali metal-
graphite surfaces and for pristine graphite. Notation as in Fig.3-5.
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3.4 Conclusions

We have developed the first theory of the STM images of the surtaces of staged
graphite intercalation compounds. The number m of graphite layers covering the first guest
layer and the charge transfer value are the important parameters entering our theory. We
determine the transferred charge distribution along the c-axis, the surface energy bands and
the Fermi level by using the Thomas-Fermi equations of Safran and Hamann and a
modification of the tight-binding model of Blinowski and co-workers, and calculate the
constant current mode STM image using Tersoff and Hamann theory.

We find that the corrugation amplitide and carbon site asymmetry are very sensitive
to the m and the charge transfer, but insensitive to the bulk stage due to the screening of
intercalant layers. The corrugation amplitude increases with increasing m, with decreasing
charge transfer, and also with decreasing tip-to-suiiace separation. The asymmetry does
not strongly depend on the tip-to-surface separation, but has a surprising dependence on
the charge transfer and m, switching on discontinuously with decreasing charge transfer.
We predict that in many cases there should be no carbon site asymmetry in the STM image
even when the usual AB stacking of the graphite layers occurs at the GIC surface. The
published experimental studies on some stage-2 accepter[48] and alkali-metal (®'' GIC's
have not observed this predicted anomalous behavior for the m=2 domains; further
experimental work on this problem, preferably in vacuum, would be of interest.

For a given charge transfer, the corrugation amplitude is larger for acceptor GIC's
and the asymmetry is larger for donor GIC's.

Our calculations explain the unusual absence of atomic-scale features in the STM

(47]

images of BiCs-graphite reported by Gauthier and co-workers,"'* and the results for

pristine graphite are in good agreement with those obtained using different theoretical
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methods. Our prediction of the absence of carbon site asymmetry for m=1 case and the
marked reduction in the strength of the depression at the center of the carbon hexagon upon
intercalations have been evidenced recently in the STM study of CrCl3-graphite surface by
Biensan et al.!*8) The marked reduction in the corrugations for alkali-meltals K, Rb and Cs
GIC's have also been found by Kelty and Lieber,10! which are consistent with our
calculation resuits.

Our results for GIC's can be used to map the stage domains across a freshly cleaved
surface and our predictions should stimulate further experimental and theoretical work in
this interesting new area of surface science. Such studies will also help to clarify some

currently controversial issues about the bulk properties of intercalation compounds.
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Atomic scale imaging of transition-metal-dichalcogenides
surfaces with the STM

Like graphite, other layered materials such as transition-metal-dichalcogenides also
have pseudo-two-dimensional character, 1.e. the layers are weakly connected with van der
Waals bonds. However, the distinct difference is that each layer consists of cations
(transition metai) sandwiched between the two close packed sheets of anions (chalcogens).
Each metal is surrounded by six chalcogen nearest neighbors either in trigonal prismatic or
octahedral coordination (Fig.4-1) in the different compounds.[éé] Since the surfaces of
these compounds are expected to be flat on an atomic scale and to be easily cleaved, the
atomic resolution STM images can be obtained even in air.

In this Chapter, I present our STM studies on the crystalline surfaces of 2H-MoS»,
WTe3, and ReSe; compounds. Atomic resolution images are compared with the known
crystal structure of these materials. Obviously, each transition-metal-dichalcogenide
consists of two different types cf atoms, not like graphite composed with only carbon
atoms. Thus the natural questions on the STM images are not only which image is the
principal image obtained by a single-atorn tip, but also what is the chemical identity of the
individual atomic species that has been registered in the images of the compounds surfaces.
We give our interpretations for the images of each material, and discuss some tip induced

ariifacts affecting the STM results.
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Octahedron

metal: @ - chalcogen: O

Fig.4-1: Two difterent types of coordination units of six nearest chalcogen atoms
around one transition metal.
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4.1 Molybdenum disulfide

Molybdenum disulfide is a relatively inert semuconductor compound, with a structure
consisting of hexagonal layers of Mo atoms sandwiched between two hexagonal layers of
S atoms (Fig.4-2). Each Mo has six S nearest neighbors arranged in the form of a trigonal
prism coordination, the bulk unit cell spans two layers when MoS» crystallines in the 24/
polytype, which occurs naturally as the mineral molybdenite.

The samples used for the STM studies were mined from China and Norway and
kindly donated by Dr. Frindt. Since electrical resistivity parallel to the basal plane (10 ohm-
cm) is two orders of magnitude less then that exhibited perpendicular to the pla.nc&,[ﬁ(’] we
use silver paste to glus a copper electrode wire on the corner of a 2H -MoS» surface and
usually to coat the edges of the sample in order to take advantage of this higher in-plane
conductivity.

Because there is a substantial Mo 4 contribution at the top of the valence band and

[67] suggested that the MoS7 image

the bottom of the conduction band, Stupian and Leung
is a representation of the electron density primarily associated with molybdenum atoms, not
sulfur atoms, even though the latter are on the top surface. Weimer et al'®® claim that they
have obtained two distinct atomic sites in the STM images of MoS7 surface, and concluded
that the brighter spots were due to sulfur atoms since they are closest to the tip, while the
faint spots arose from molybdenum atoms right below the top S atoms sheet. They also
found that there is no qualitative different in the image pattern between difference bias
polarities.

There has been no conclusive evidence to prove whether the 2H-MoS9 image reflects

the surface sulfur layer, or the metal layer underneath. This controversy arises because both

the S atoms in the top surface layer and the Mo atoms in the middle of the first sandwich
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Mo: & S: O

Fig.4-2: Basal surface structure projection of 2H -MoS;. The Mo atoms are in the
plane 1.59A below the S atom plane.
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appear in equal numbers, and the atomic structures for both layers have the same
symmetry. Consequently, an image of either Mo or § atoms would have the same pattern
with the same lattice constant. But the claim of seeing two distinct atomic sites is rather
speculative, because it is difficult to distinguish them from tip induced artifacts, as the
irnage may also be explained by two single-atom tips effect similar to that exhibited in
graphite case.l?]

Fig.4-3 shows the raw data of a grey scale current image (constant-height mode) of a
single crystal 2H-MoS». which was taken with the STM system described in Chapter 2
with a positive tip bias of 155mV(sample is grounded), an average tunneling current of 1.5
nA and a scan rate of 1774 A/sec. The image consists of an array of bright spots with the
expected sixfold symmetry. The calibrated lattice constant is ap= 3.1 + 0.1 A, which is in
good agreement with the crystallographic value of 3.16 A 60]

The above image was obtained with rather low bias voltage compared with the
approximately 1 eVI9-72l hand gap for 2H-MoSy We can even obtain very good atomic-
resolution images at positive tip biases of order of 10 mV(Fig.4-4), though generally we
found it easier to achieve very stable tunneling with a tip bias larger than 100 mV. The
fundamental reason for the low bias imaging may arise from the existence of a certain
doping density inside naturally mined samples, as it is known that molybdenites can be n-
type, p-type or heavily compensated semiconductors.[%® 73] Fan and Bard™¥ found that an
STM image of the (001) surface of n-TiO could be obtained with low forward bias
condition (positive tip bias). With a reverse bias, the tip may crash onto the surface because
thie presence of a space charge layer within the semiconductor inhibits the tunnelin g.!75‘J
However, Uosaki et al found that for highly doped (Wp~8x1018 cm™3) n-GaAs, STM

measurements were possible even under reverse bias conditions.! 70!
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Fig.4-3: A constant-height mode image (~28A x 28A) of a single crystal 2H-MoS»
(China).
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The doping levels of the molybdenites we used were not characterized, so that we can
only suggest the following possibilities for the mechanism of the low bias imaging. With a
very small tip(metal)-sample(semiconductor) distance, the molybdenite energy band will
bend at the surface either like a Schottky barrier or close to an Ohmic accumulation
condition.l’”! Positive tip bias condition corresponds to a forward bias situation for n-type
molybdenite, and reverse bias for p-type molybdenite. If the accumulation condition
occurs, then there is not much question on the possibility of tunneling at even small bias,
since the accumulation layer in the semiconductor serves as a ready reservoir of majority
carriers for conduction. If the Schottky type of barrier occurs, however, we need to discuss
n-type and p-type situation separately.

If the molybdenites we used are the n-type, there is an electron layer at the surface of
the semiconductor and a positively charged depletion layer in the semiconductor near to the
surface to form a Schottky barrier. With the application of a forward electric field to the
tunneling unit, the barrier height from the bottom of the conduction band in the
semiconductor is reduced(Fig.4-4(b)). Therefore electrons in the conduction band may
overcome the barrier to reach the surface, or tunnel through the space charge region toward
the surface, hence contributing to the STM tunneling current. The probability for barrier
tunneling depends on the thickness of the space charge region which decreases with
increasing doping density. It has been reported that a considerable space charge tunneling
can be observed even for the less highly doped n-GaAs,[7%) and that the electron
concentration at the surface of n-type semiconductors increases rapidly with the forward
bias.l”* 761 Under these circumstances, it is possible for us to obtain STM 1mages of a n-
type molybdenite with a low positive tip bias, even though the sample may be less highly
doped. If the molybdenites we used are p-type, then the doping level must be very high to

be able to get STM tunneling current. Since the barrier height is enlarged under reverse bias
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Fig.4-4: (a)Another constant-height mode image (15A x 20A) of a molybdenite
(Norway) with positive tip bias of 44 mV and average current of 1nA.
Energy band diagrams for low positive tip bias with a molybdenite of

(b)n-type or (c)p-type.
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(Fig.4-4(c)), the doping density should be so high that the space charge region is thin
enough that the holes can tunnel from the tip to the semiconductor valence band. Further
experiments on the characterization of the sample doping level and on the tunneling
spectroscopy of the semiconductor surface would be necessary te give detailed information
about the small bias imaging.

We also observed very active tip reforming effects in the experiments. Fig.4-5
presents a set of constant-height mode images obtained from a molybdenite surface around
a same location, with positive bias of 140 mV and average tunneling current 1.2 nA. After
scanning for a while the image suddenly became noiseless with very high corrugation
(Fig.4-5(a)). If we look at the image carefully, we see that the image consists of two sets of
hexagonal bright spots— a large size set and a very small size one. Sometimes the smaller
size spots are absent, as shown in Fig.4-5(b). A few minutes later we got an image shown
in Fig.4-5(c), in which there was a tip change as indicated by the abrupt horizontal break.
The image evidences that the two sets of bright spots observed in Fig.4-5(a) were due to a
tip effect, as the relative brightness of the two kinds of spots had been switched after the
break. Then we obtained images shown in Fig.4-5(d) and Fig.4-5(e), different patterns of
the overlap of two sets of hexagonal lattices. Finally, an image pattern was obtained which
remained extremely smooth and noise free for almost two hours. An example of this image
is shown in Fig.4-5(f) as it was obtained without being filtered by computer software.

We learn again that the STM image interpretation is not straightforward. The main
obstacle is that the tip structure is unknown and it has a subtle effect on the STM image. By
using a time ordered sequence of real-time images, however, we can usually rule out
artifacts. For instance, according to the previous images obtained we tend to belicve that
Fig.4-5(f) is due to a superposition of twe images of the type shown in Fig.4-5(b), rather

than the sample properties.
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Fig.4-5: A set of constant-height mode images (~ 26A x 26A) of a molybdenite
(Norway) surface.
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It is our experience that in contrast to the graphite case high quality images were
seldom obtained immediately from the MoS» crystals. The initially noisy MoS» images are
associated with more active tip reforming processes than are present in the graphite case
and the best image often occurs all of a sudden, as shown in Fig.4-6. However, once this
noise-free image is obtained it can be retained during two hours of high-quality and noise
free scanning (Fig.4-3(f)) without visible change in the image pattern, compared to the
approximately 10 minute periods in the graphite case. The underlying reason for these
phenomena is not clear. We speculate that these may be related with the possibility that
there are S and Mo species terminating the tip, which could be lifted from MoS» surface

(78] and other

during the low bias imaging. This is analogous to the situation in graphite
materials!®> 39 where surface atoms are sometimes found on the tip. As the atoms picked
up from the surface on the tip may not have the stoichiometric ratio of 2:1 for S and Mo,
and thus the tip may tend to pick up the additional atoms required to achieve chemical
balance by means of reforming itself to find a proper structure configuration through
interaction with the MoS; surface in the tunneling process. Presumably, the reforming may
be much more active and prolonged than is found in graphite case, because more than one
atomic species and more dangling bonds are involved. The extreme stability of the two
hours long imaging may be due to the fact that a stable and chemically attractive interaction

between the tip and the surface has been achieved with a stable configuration of a Mo atom,

for example, adsorbed on the Pt-Ir tip.
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Fig.4-0: Two constant-height mode images taken from a same surface location of a
molybdenite (China) with a positive tip bias of 226 mV and average
tunneling current of 3.5 nA. (a)The imaging is rather noisy initially for a
quite while, and (b)high quality image (36A x 5 SA) often appears all of a
sudden.
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4.2 Tungsten ditelluride

Crystalline WTep possesses a distorted octahedral structure. Within each layer, the W
atoms were displaced from their octahedral coordination unit centers in such a way that
every two rows of W atoms pair to form zigzag and slightly buckled chains. This also
causes the Te atom sheets to buckle somewhat, but appear approximately hexagonal in the
surface projection view (Fig.4-7). The perpendicular distance between the paired W rows
is 2.2A, and the surface unit cell is rectangular with the dimensions of 6.28A x 3.50A.181-
8] The surface projection structure is an 2x1 superlattice of the approximately hexagonal
sublattice of Te atoms.

Since the symmetry of the metal and chalcogenide sublattices is different, one may
expect to address the surface Te layer and the subsurface W layer distinctly in the STM
image. Tang et al®2:83) haye imaged WTey with an STM and found zigzag structure in the
images. Based on their calculations of the spatial distribution of the valence charge density
(due to the filled states) on the WTey surface, (8] they concluded that the Te charge cloud
centers shift from the real atomic sites and give an overall paired zigzag and buckled
appearance. The distance between the two paired clouds is larger than that between the
paired W rows, and increases with tip-to-surface distance. Also, the spatial distribution of
charge is bias voltage and polarity dependent. Therefore, they conclude that for this highly
covalent compound the image is not necessarily in registry with the surface atomic
positions.

Fig.4-8 shows two constant-current mode images obtained from a WTe; sample
(made and given by Dr. Frindt) surface being scanned in perpendicular directions. Both

images were taken in air, with low positive tip bias of 97 mV and relatively high tunneling
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Fig.4-7: Basal surface structure projection of WTep,
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current of 2.2 nA, as WTe? is a semi-metal compound with much lower resistivity of
~2x10-3 ohm-cm than that for MOSQ.[&] The images clearly show the expected 2x1
structure. There are two alternating types of rows with spots different in size and
brightness.The calibrated rectangular unit cell parameters are 3.4 + 0.1A and 6.4 £ 0.2A in
agreement with the crystallographic values of 3.5A and 6.28A (Fig.4-7), respectively.

The image shown in Fig.4-8(2) looks particularly like the spatial charge density
distribution of a WTey surface due to the filled states calculated by Tang et al, B thus we
tend to believe that it represents the principal image scanned by a single-atom tip. Also, we
found that the distance between the two paired rows changes from images obtained at
different positive tip bias. Evidently, the phenomenon supports the prediction calculated by
Tang et al that the surface charge density distribution is dependent on the tip-to-surface
distance.'8?! In our experiments the tunneling current is constant and equal io the preset
value regardless of the bias voltage applied to the tunneling unit. Therefore, changes m the
bias value will result in the changes of the tip-to-surface distance.

The two images in Fig.4-8 are consistent with each other, except Fig.4-8(a) shows
higher resolution. The relatively poor resolution in Fig.4-8(b) is mainly due to the faster
scan speed in the horizontal direction than that in the vertical direction. Faster scan speeds

limit the corrugation amplitude probed in the constant-current mode image, especially if the

tip is not sharp enough.
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Fig.4-8: Constant-current mode images obtained from a WTey surface being scanned
in perpendicular directions. The image dimensions are 25A x 50A for (a)
and 36A x 324 for (b).
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4.3 Rhenium diselenide

Crystal ReSe; is a semiconductor compound with about the same energy gap
(1.186V)[84] and resistivity (8 ollm~cm)[84] as that for crystal MoS».

Similar to WTe», ReSe) also possesses a distorted octahedral structure, but the metal
clustering is a slight modification of the regular zigzag structure. The Re atoms shift off
from their regular octahedral sites in such way as to form chains of metal-metal-bonded
"diamond" clusters (Fig.4-9). The average bond distance within each Re4 cluster is 2.83A,
and each diamond cluster is connected with a 3.07A Re-Re bond.[% 83! This causes the Sc
atom sheets to buckle slightly, but appear approximately hexagonal from above. Thus the
basal plane lattice is a 2x2 superlattice of the hexagonal sublattice of Se atoms. There are
four Se-atom sites for the basal plane unit cell, which are designated Se(1), Se(2), Se(3)
and Se(4) in Fig.4-9. The lattice constant along the chain direction is 6.60A which is a little
different from the other unit cell parameter 6.7215;.[85 - 86] This difference, however, is
difficult for the STM to resolve.

Again, in crystalline ReSes the symmetry of the metal and chalcogenide sublattices
are quite different. Parkinson e? all®’] explain that the STM image is a representation of Se
atoms on the surface, although there are greater contributions of Re 5d orbitals than Se 4p
orbitals on the bottom of conduction band and top of valence band. According to their
calculations of the local density of states (LDOS) p(r.Er) for the Se 4p orbitals of the
surface layer, the brightness of the four Se atoms in the surface unit cell is bias voltage and
polarity dependent. In the case of valence band imaging, Se(3) and Se(4) atoms would give
rise to brighter STM images, although the Se(1) and Se(2) atoms are geometrically closer to

the tip.
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Fig.4-9: Basal surface structure projection of ReSes.
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We use a ReSey sample (made and given by Per Joensen) which was cleaved with
Argon gas blowiiig on the sample surface, and imaged by using a glove bag with an Argon
gas environment. We used an Argon gas environment for the observation because we
found that in air the bias had to be continually increased with time in order to see the
surface atomic structure, presumedly because the surface is very reactive and easily
contarminated.

Fig.4-10 shows three 42A x 42A greyscale images obtained with constant-height
mode under the same experimental conditions. A positive tip bias of 2.3V was used,
resulting in surface-to-tip electron tunneling, which involves tunneling from states near the
top valence band. The average tunneling current was set to be 1.5nA. The 2.3V bias is
found necessary for the 1.5 nA current in order to get atfomic-resolution images from the
ReSe surface. Such current and bias values are consistent with the published measurement
of the tunneling current as a function of the bias voltage by Parkinson ez al. 7 The
calibrated average lattice constant is given as 6.6 + 0.2 A which is in good agreement with
the crystallographic unit cell parameters (see Fig.4-9).

Fig.4-10(a) clearly shows the expected 2x2 surface structure. The image pattern is
similar to the LDOS calculation published by Parkinson et al. [87) There are four distinct
bright spots, with three located at the right sites of the hexagonal sublattice of Se atoms and
one (close to the brightest) displaced from the regular position, which appear with
differences in brightness and size. From the structural symmetry point of view, we agree
that Se atoms are primarily represented in the STM image. However, the difference of these
spots in brightness and size, and the appearance of the one site displacement are strong
indications of Re4 cluster infiuence in the subsurface.

To determine the diamond chain direction or to identify each individual Se atom in the

(87}

mmage is not that straightforward. Since the LDOS calculations'®’} show that the image
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Fig.4-10: Three constant-height mode images (42A x 424) of a ReSe» surface .
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depends on the bias voltage. With a bias which puts the band levels within 0.5 eV from the
valence band top, the brightness in the image decreases in the order Se(3) > Se(4) > Se(?)
> Se(1); however, with larger bias the Se(4) atoms may be the brightest and the other three
appear about the same; hence with certain bias, Se(3) and Se(4) atoms may appear identical
in brightness. Fig.4-10(a) should belong to the 2nd case, since 2.3V is a large bias if it is
compared with the ReSe; band gap of 1.18 eV. Therefore, the brightest spots in the image
correspond to Se(4) atoms. But the three types of faint spots are difficult to register in
terms of brightness, although one type size is distinctly larger than the other two.
Geometrically, we know that the strong depression in the tunneling current should happen
around the centers of the triangles formed by Se(4), Se(3) and Se(2) sites, where less
atoms are around. Notice that there are rather large dark hollows closely located in the
lower-left places nearby each Se(4) atom (the brightest spots), we then can register Se(1)
atoms to the largest faint spots in the image. However, Se(2) and Se(3) atoms less likely
can be determined by this image alone. The image structure could be in the atomic
arrangement shown in Fig.4-9, or in such a manner that the diamond chain direction is
approximately horizontal. Since the ReSe) image depends sensitively on the bias voltage
and bias polarity, further experiments with different bias, especially simultaneous image
acquisitions at two different biases (for example, by forward scanning with one bias and
backward scanning with a different one, or by scanning alternate lines at each bias) would
help to unambiguously identify the different Se atomic sites.

We have also obtained novel patterns of the valence band image. Fig.4-10(b) and
Fig.4-10(c) are *mages of about the same surface location, obtained about 40 minutes in
separation. The images appear quite smooth without using any computer filtering function.
Fig.4-10(b) obviously shows the 2x2 lattice structure. However, there are likely four kinds

of distinct dark "holes" located approximately at the hexagonal sites of the Se sublattice
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instead of bright spots, which are different in size and dark=ness. It seems the inverted
image of the real surface. We attribute this to a mula-tip effect, just similar to the
honeycomb pattern (see Fig.2-5) observed in the graphite image. Fig.4-10(c) still shows
the 2x2 structure if one notices the period of the larger dark spots in the image, though at
the first sight looks like a kind of 2x1 !attice. The image is composed of two rows with
clearly different brightness. Since the bias voltage is the same for all three images shown in
Fig.4-10, it is not likely due to an electronic reason that Se(3) and Se(4) sites appear equal
in Fig.4-10(c). It must be concluded that changes in tip condition account for the
differences between Fig.4-10(a) and Fig.4-10(c). Actually, the image pattern shown in
Fig.4-10(c) can be viewed as a sum of two images (due to two single-atom tips) like that
shown in Fig.4-10(a). Therefore, we believe that Fig.4-10(c) is not the principle image of
the surface.

There is no significant image difference between the positive and negative tip bias
conditions in our experiments. The LDOS calculation®”! shows only different Se atom
sites being brighter in the conduction band image. All the images we obtained show the
expected 2x2 structure, but the internal structure of the basal plane unit cell is often
different from one image to another. This could be due to an electronic reason if the bias
voltage is different. For the same bias voltage, then, as we know previously, tip induced

artifacts are always possible in the STM images.

4.4 Comparisens and conclusions

The overall structure for the chalcogen sheets of the three different crystalline surfaces
1s an approximately hexagonal lattice, as shown in Figs.4-2, 4-7 and 4-9. However, the

metal sheet sandwiched between the two chalcogen sheets has very different atomic
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arrangement for each crystal. The Mo sheet in MoS2 shows the ideal hexagonal lattice,
whereas W sheet in WTe; adopts an atomic zigzag structure, and the Re sheet in ReSen
appears with chains of Re4 diamond clusters. Therefore, the surface projections of the three
crystals can be viewed as 1x1 lattice of the corresponding chalcogen sublattice for 2H -
MoSj, 2x1 superlattice for WTep and 2x2 superlattice for ReSe).

Our STM observations on these three crystal surfaces indeed display the expected the
structural lattices (i.e. 1x1, 2x1 and 2x2), even though the images are not necessarily the
reflections of the metal layers. Since the symmetry of Re layers in ReSe crystal is different
from that of Se layers, the observed four types of distinct bright spots in the image
primarily represent the Se atomic sites, though the Re layer underneath has influence on the
spot size and brightness and on the one spot site slightly shifted from the regular position
of the Se sublattice. For the WTe» crystal, however, the observed zigzag pattern in the
valence band images does not correspond to the W atomic sites, and changes with the tip-
to-surface distance, indicating rather strong contributions from the surface Te atom layer.
For a 2H - MoS; surface, there is no conclusive evidence to confirm which chemical
identity has been imaged in the STM 1mages, as there 1s no difference in the symmetry

between the two types of atom sheets.
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Real-space imaging of single-layer MoS; in water
by scanning tunneling microscopy

As we know from Chapter 4, molybdenum disulfide is a compound semiconductor,
consisting of S-Mo-S sandwich layers.[(’ﬁ] In crystalline 2H-MoS», each Mo atom is
coordinated by six S atoms in a trigonal prismatic arrangement. The adjacent layers are
weakly connecied with van der Waals bonds so that it is very easy to break these bonds by
simply "pulling” off layers to obtain an atornically flat surface, or to intercalate guest atoms
between the MoS; sandwiches. Recently, it has been shown!®3: 891 that single molecular
layers of MoS; can be obtained by exfoliation of lithium-intercalated MoS; powder in
water and in several alcohols. When the single layers are restacked, a large variety of
organic molecules can be included between layers of MoS). This holds the promise of
making new artificial two-dimensional materials which would be difficult to obtain by other
methods.[90- 911

For the case in water, the exfoliated single layers are "washed" and suspended in
water, to form an aqueous suspension of single-layer MoS» particles. As the aqueous
suspension dries, it forms into restacked MoS» with two monolayers of water between
parallel but rotationally disordered MoS; layers. Such a water bilayer phase may exist for
severa. days at room temperature in air. (8%

Detailed studies of the resulting MoS7 have been performed to examine whether the

structure of such new forms of MoS; are the same as bulk 2H-MoS». Extended X-ray

absorption fine structure (EXAFS) spectroscopy investigations[89] found two distinct
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nearest Mo-Mo distances of 2.8 A and 3.8 A for single-layer MoS» in suspension, and that
the 2H-Mo$S, lattice constant of 3.16 A reappeared in the water bilayer MoS82. The same
experiments found that the Mo-S distance in both single layer aqueous suspensions and
water bilayer form is essentially unchanged from that of 2ZH-MoS7. Since EXAFS basically
reveals local structural information around individual atoms, the overall structure of the
material could not be inferred from the results. X-ray diffraction and Raman scattering
results®? 23] show that both single-layer MoS» in suspension and a water bilayer MoS2
have a structure in which the Mo atoms are octahedrally coordinated in contrast to the
trigonal prismatic coordination that pertains in 2H-MoSs. In addition, evidence was
obtained®? %3 for the existence of a 2ag superlattice. The question of whether it 15 a 2x2 or
2x1 superlattice was left open, because both structures would yield a similar X-ray
diffraction pattern and Raman spectra. If the restacked MoS is allowed to dry the structure
transforms back to the trigonal prismatic coordination of Mo atoms with the bulk 2ZH-MoS,
lattice constant, and the layers can exhibit partial rotational disord.-.[8%.921

In an attempt to resolve the question of the superlattice structure, atemic resolution
images of restacked MoS» surfaces were obtained with the STM(described in Chapter 2)
operating in air.®% %) 1 this Chapter, we demonstrate that the real-space image of water-
bilayer MoS7 surface shows a 2x1 super-structure directly and unambiguously. The image
of a dry restacked MoS» film shows the same structure as that for crystalline 2H-MoSp, in
good agreement with other experiments previously reponed.[gg’ 22 Finally, the basal plane
lattice parameters obtained from the images were used, in conjunction with the previous

EXAFS data, to derive a possible unit cel: structure for the single-layer of MoSy.
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5.1 Single-layer MoS; sample preparation

The preparation of single-layer MoS» in suspension has been described
previously. [88) By soaking 2H-MoS; powder in a solution of n-butyl lithium in hexane for
at least 48 hours in an argon atmosphere, one can obtain stage 1 lithium-intercalated MoS»
(LixMoSy) with a mole fraction of at least x=1. When the dry intercalation compound
powder is immersed in water, the water and the intercalated lithium interact to form
hydrogen gas between the MoS layers, and the expansion of this gas tends to separate the
layers. As the reaction proceeds more deeply into each crystallite the layers become further
separated. Therefore, the compound becomes completely exfoliated into single-layer MoS;
layers which remain suspended in the aqueous solution.

In order to form a thin, flat restacked film suitable for imaging the MoS» basal plane,
a graphite substrate has been used to provide good electrical contact to the MoS» layers.
The sample electrode is then placed on the graphite, and a tiny drop of the single-layer
MoS» suspension is spread out on the freshly cleaved surface of the graphite. After a few
minutes the drop has adopted a quasi-equilibrium configuration with the MoS; layers
restacked 1n the water bilayer phase. The thickness of the film is approximately the order of
10 monolayers of MoS; as estimated from the concentration of the single layer suspension.
The sample was imaged within a few hours after preparation. The reason we have selected

graphite as the substrate is because it is very inert and it is easy to obtain large regions that

8
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e atomically flat. This results in an almost ideal substrate for operating the STM in air,
and for obtaining a rather flat restacked MoS» film.
Since the sample has a bilayer of water between the MoS; layers, an ultra-high-

vacuum (UHYV) environment would not be appropriate for the observations.
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In order to get dry restacked MoS3, we first make the water-bilayer restacked film,
and then accelerate the drying process by heating the sample, including the graphite

substrate, at 100°C in a vacuum of ~ 10-3 Torr for 5 hours.

5.2 Experimental results

(a) X-ray diffraction measurement

Fig.5-1 shows x-ray diffraction patterns of a freshly deposited MoS3 film on
graphite, obtained from an aqueous suspension. The measurement was carried out with a
Philips diffractometer using nickel-filtered Cu K radiaticn. In the figure, the solid curve
was obtained a few minutes after the film was deposited and the black dots were taken 5
hours later. At small angles two peaks appear, which are located at the diffraction angles 20
=7.5° and 14.9°, corresponding to the (001) and (002) reflections of separated MoS»

layers. From x-ray diffraction formula we know that
Al
= in-1(=—
20=2sin-1( o ).

With an x-ray wavelength of A =1.5424, the two peaks (i.e. / =1 and / =2) give a
same spacing between Mo planes of ¢ = 11.8A. For crystalline 2H-MoS; or dry restacked
MoSz,[89] the ¢-spacing between Mo-planes is 6.2A corresponding to an x-ray diffraction
peak located at 20 = 14.28°, which is not found in Fig.5-1. Therefore the c-spacing has
been expanded by 5.6A in freshly deposited MoS; film. The expansion value is smaller

than 6.2A, the thickness associated with a single molecular layer of 2H-MoS>, but does,
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Fig.5-1: X-ray diffraction patterns of a water-bilayer form of MoS> restacking film
on graphite. The solid curve was obtained immediately after the film was
made and the black dots were taken 5 hours later.
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however, agree closely with the twice of the size of a water molecule. It appears that each
layer of MoS» hosts an adsorbed monolayer of water approximately 2.8A thick, and the
layers are closely stacked so that there are two layers of water between MoS> layers.
Apparently, there is almost no difference between the two sets of data in Fig.5-1,
indicating that the water-bilayer phase of the MoSy film is stable in air for at least 5 hours,

which is certainly long enough for performing the STM experiments.

(b) STM images of single layers of MoS?

As we have seen in Chapter 4, the 2H -MoS; image (see Fig.4-2) obtained by the
STM shows the expected hexagonal structure with the measured lattice constant g = 3.1 &
0.1 A, which is in good agreement with the crystallographic value of 3.16 A [66] Fig.5-2is
a current image of a water bilayer MoS» surface, taken with a positive tip bias of 42 mV, an
average tunneling current 2nA and a scan rate of 1830A/sec. The image clearly shows an
approximate 2x1 structural pattern with a basal plane unit cell containing two bright spots.
Previous studies on this material, including x-ray diffraction and Raman scattering, have
indicated that there is a 2agp superstructure, but the exact pattern of the structure could not be
obtained by either method. The STM image allows us to see the real-space 2x1 form of the
lattice directly and unambiguously. The sample has been scanned in perpendicular
directions to ensure that the 2x1 pattern is not due to a tip effect. Also, the structure was
found to be independent of tip bias polarities. The sample surface was not parallel to the tip
scanning plane as indicated by the decrease in image intensity as one moves to the right in

the image.

87



Chapter 5

Fig.5-2: A constant-height image (~40A x 33A) of a water-bilayer MoSy surface. A
stripe-like 2x1 superlattice structure is apparent.
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Fig.5-3(a) is an image of another sample with the same experimental conditions as for
Fig.5-2. It appears that the surface was not tilted with respect to the tip scanning plane in
the central part, but was bent down slightly at both right and left sides of the image. By
superimposing a grid on the image as shown in Fig.5-3(b), the 2x1 superlattice is more
obvious, and the basal plane projection of the unit cell are shown schematically in Fig.5-4.
After calibrating a number of images obtained from this sample at different surface
locations, we measure the lattice parameters as lal =32+ 0.1 A, Ibl=6.1 £0.2 A and
o=53%1°

Comparing the lattice constant ap = 3.1 £ 0.1 A obtained from imaging the 2H-MoS»
crystal surface as shown in Fig.4-2, we find that lal = gp and Ibl = 2ag, hence further
confirming the 2ap x ap superlattice structure of the freshly deposited MoS» film surface.
However, notice that the measured « is about 53°, and thus the 2ag x ag pattern can not be
considered as a simple superlattice of the hexagonal basal plane structure of 2H-MoS>
where « should be 60°.

Fig.5-5 shows a larger area image (~132 A x 100 A) of the same water-bilayer
surface as that in Fig.5-2. The image was taken in the constant-¢arrent mode with a tunnel
current of 1.5 nA, tip bias voltage of 48 mV, and a scan rate of 1376 A/sec. As shown in
Fig.5-5 the upper and lower parts of the image represent two crystallites with different
orientations. In the upper part of Fig.5-5 it can be seen that there is an array of periodic
rows approximately along the vertical direction.The periodicity along the direction
perpendicular to these rows is about 5 A which is in good agreement with the distance
Ibisinax (see Fig.5-4). Along the vertical direction, it is obvious that the periodicity is less
than 2aq, otherwise it would have been resolved. Therefore the image still possesses the
same 2x1 pattern as shown in the higher resolution but smaller scan range image (Fig.5-2).

These results indicate that the 2x1 structure extends over large areas, which is then
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Fig.5-3: (a) A constant-height image (~38A by 30A) of another water bilayer MoSy
sample.(b) The same image with a grid superimposed to show the 2x1
superstructure and its unit cell projection more clearly.
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Fig.5-4: Schematic representation of the image pattern shown in Fig.5-3. The open
circles represent the bright spots in the current images. The 2agxag unit cell
is outlined with solid lines, where lal = 3.240.1A ~ag and Ibl = 6.140.2A =
2ap. The dashed lines show an alternative definition of a unit cell.
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Fig.5-5: A constant-current image (~132 A x 100 A) of the same water-bilayer
sample surface as that shown in Fig.5-2. The image still possesses the same
2x1 pattern as shown in the higher resolution but smaller scan range image
(see Fig.5-2).
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consistent with the x-ray diffraction measurement. From images obtained with even larger
scan ranges the areal size of the crystallites was estimated to be ~100 x 100 A2,

Fig.5-6(a) shows a current image of a compleiely dry restacked MoS», taken at a
positive tip bias of 1 V, an average tunneling current of 2 nA and a scan rate of 3627 A/sec.
The larger tip bias was used because of the consideration that the dry restacked layers have
a much smaller conductivity than the water-bilayer suspensions. The image clearly shows
the appearance of the hexagonal structure without any trace of the 2x1 superlattice. The
lattice constant is measured to be 3.1+ 0.1 A (calibrated by the graphite image shown in
Fig.5-6(b)) which is in good agreement with the crystallographic value of 3.16 A,
confirming that the trigonal prism layers have been recovered. This result agrees very well
with that of previous experiments. [89,92]

We believe that the STM images shown in Fig.5-2 and Fig.5-3 reflect the atomic
structure of a single layer of MoS; at the top surface of the water bilayer phase MoS; film.
The second MoS3 layer from the top surface has very little effect on the tunneling image,
since there are two monolayers of water between each of the MoSy layers which are parallel
to each other but rotationally disordered,®) and our STM observations on different
samples and different surface locations of a sample all show the same 2x1 superlattice.
Therefore, it is most likely that the structure of the single-layer MoS3 in suspension has
basically the same pattern as that shown in Fig.5-2 and Fig.5-3. As Raman scattering
experiments[gz‘ 3] have shown one obtains identical superlattice modes for both single-
layer MoS> in susperision and a water bilayer Mo$S> film. EXAFS results for the Mo-Mo
distances, 3.8A and 2.8A, are also obtained from both forms.!8%) Hewever, the structure
may not be exactly the same for the two cases due to slightly different water environments.
As was shown in the EXAFS experiments, the bulk lattice constant 3.16A, which is not

observed in the single-layer suspension, reappears in the water bilayer form. [89]
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Fig.5-6: (a)A constant-height image (~46 A by 41 A)ofa dry restacked MoS»
surface. (b) The calibration image obtained from the substrate graphite
surface with the same experimental conditions as that of the above image.
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Fig.5-7 shows two current images that were obtained from two different water-
bilayer MoS; films. The common feature is that a domain boundary appears on the
surfaces, though the underlying reason for this is not yet clear. As shown in Fig.5-7(a), we
see two domains with differently oriented parallel rows. Cbviously, the 2x1 pattern is still
there for both domains despite the lack of atomic resolution in the image. The x scale (about
32A) is smaller than the y scale in the figure, mainly due to different drive voltages added
on the x and y piezoelectric bimorphs. An atomic resolution image is shown in Fig.5-7(b).
One can see that there is a hint of a domain boundary appearing in the lower-left part of the
image, as the bright spots tend to be equal in size, equally spaced and the 2x1 pattern tends
to be oriented along the direction rotated ~120° counter-clockwise. These domain structures
may be caused by the edge effect of the second MoS3 layer under the top layer, and the

water molecules may be ordered relative to adjacent MoS layers.
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Fig.5-7: Domain structures appear on the surfaces of two different the water-bilayer
MoS; samples imaged in the constant-height mode. The distortion is
apparent in (a), which is due to the different x and y scales presented on the

computer screen from which the photograph was taken.
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5.3 A possible unit cell siructure

Comparing EXAFS results with our STM measurements for freshly restacked MoS»,
one obvious aspect is that the single crystal 2H-MoS; lattice constant has been found by
both methods. It is more difficult to find a direct corresponidence between two nearest Mo-
Mo distances 3.8A and 2.8A obtained by EXAFS and the lattice constants determined from
the STM images. Since the STM probes the local electron density of states around the
Fermi level of the surface, /2324l the bright spots in the current image do not necessarily
correspond to the positions of individual atoms of the surface.[?>) On the other hand, the
STM image must reflect the projection of the real lattice. As one can tell from Fig.5-2, the
image can be viewed as an array of two rows of spots not quite identical in size and
brightness. One possible reason is that the surface is periodically buckled.

Combining the 2ag x ag pattern with = 53° measured by STM with the three nearest
Mo-Mo distances (3.16 A, 3.8 A and 2.8 A) given by EXAFS, we can construct a model
for the unit cell which is shown in Fig.5-8. For = 53°, OA = lal and OB = Ibl measured
by the STM to be consistent with the Mo-Mo distances measured by EXAFS , one row of
Mo atoms has to be displaced vertically by # = 0.9A. The D’ point on the projection plane
is then slightly displaced (~ 0.05 A) from the OB line according to the model. Such a small
difference would not be detectable in the STM images shown in Fig.5-2 and Fig.5-3. Also,
the projected lines AD'= 3.04 A and D'C = 2.65 A (shown in Fig.5-8) calculated with 4 =
0.9 A are in agreement with the lengths AD = 3.0+ 0.1 A and DC =2.6 £0.1 A (shown in
Fig.5-4) measured with the STM.

We know from Chapter 4 that WTep possesses a distorted octahedral layer structure,

whose basal plane projection is similar to the structure shown in Fig.5-4. In the WTep
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Fig.5-8: Schematic 3D perspective model for consistency be iween results obtained
from STM and EXAFS. The solid lines represent the unit cell of Mo atoms
based on the bond distances obtained by EXAFS. The dashed lines
represent the projections of the corresponding solid lines in the projection

plane, where o = 53 °, OA = lal =ap, and OB = Ibl = 24y, as given by STM.
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structure the adjacent rows of W atoms are displaced by 0.21 A. With the unconstrained
single layer MoS; a larger distortion then that found in crystalline WTe3 is not
unreasonable. If it is assumed that the STM images reflect the relative positions of the Mo
atoms, an & value of 0.9 A must be considered to be very large. For example, one might
expect a 0.9 A layer corrugation to result in a current varying by about one order of
magnitude for a clean tip and surface.[>#} However, the possibility of a 0.9 A corrugation
cannot be ruled out. Since we operate the STM in air, contamnination on the tip and the
sample surface can reduce the effective tunnel barrier height,B’ # hence 2 0.9 A corrugation
may result in a current variation much less than one order of magnitude. These type of
effects thus make it very difficult to draw any conclusions from the images (Fig.5-2 and
Fig.5-3) about the relative heights of adjacent atomic rows and any variation in relative
heights that might be suggested by a comparison of different images. On the other hand it is
perhaps possible that the S atom planes are less rippled than the Mo atom planes. The STM
images could then be interpreted as support for the view that tunneling is occurring between

the tip and the surface sulfur atoms. Additional experimental evidence will be required to

resolve this question.

5.4 Conclusions

In conclusion, STM observations in air have been carried out on single MoS; layers
separated by a bilayer of water molecules. The atomic resolution images clearly show an
approximate 2x1 superlattice structure for the single-layer of MoS; at the top of the film
surface. One of the basal plane lattice constants is found to have the same value as the bulk
2H-MoS$; case, and the other one is about twice that of the bulk value. After drying by

heating or aging, the atomic arrangement of restacked MoS; layers transforms back to the
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bulk hexagonal trigonal prism structure, and the measured lattice constant is found to be in

good agreement with the single crystal value.
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Scanning tunneling microscopy of single-layer MoS;
in butanol

It has been shown (58-89 that single molecular layers of MoS2 can be obtained by the
exfoliation of lithium-intercalated MoS2 powder not only in water but also in several
alcohols.

In Chapter 5 we have studied the structure properties of the water-bilayer MoS2
surface, and a 2x1 superstructure pattern has been unambiguously observed in the STM
images, However, whether the water is the reason causing such a structure is a natural
question. To investigate the role played by the water molecules in determining the structural
properties of the single layers, and to investigate the influence of the MoS3 single layer and
solvent layer interface interaction on the basal plane structure, suspensions have been
prepared in butanol [CH3(CH2)30H] and STM experiments were carried out on the surface
of butanol-bilayer MoS» films on graphite substrates. Atomic resolution STM images from
the single layers of MoS3 in butanol again reveal the existence of a 2x1 superlattice, which
1s qualitatively similar to that obtained from the aqueous suspensions.[95] Therefore, these
results suggest that the 2x1 pattern may be the intrinsic structural form of single-layer
MoSs.

In this Chapter, we describe the procedures used to obtain the STM images and

compare the results obtained from the butanol and water suspensions.
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6.1 Sample preparation

The butanol suspension used was made as follows. The lithium-intercalated MoS»
was obtained first as described in Ref.[88], then exfoliated in methanol, and washed with
n-buianol using centrifuging methods, with the washing procedure repeated at least three
times.

As in the water case (see Chapter 5), graphite was used as the substrate, and a tiny
drop of the single-layer MoS2 suspension was deposited on it. After a few seconds, instead
of a few minutes for the water case, the drop adopted a quasi-equilibrium configuration
with the MoS; layers restacked in the solvent bilayer phase. The film is more than 10 times
thicker than the situation for the water-bilayer film as estimated from the relatve
concentrations of the single-layer suspensions.

In order to cbtain dry restacked MoSg, the drying process can be accelerated by
heating the sample, including the graphite substrate, at 70°C in a vacuum of ~ 10-3 Torr for
6 hours. Then the sample was kept in the vacaum at room temperature for up to 12 hours

before imaging.

6.2 Experimental results

(a) X-ray diffraction measurement

The single layers of MoS2 in a butanol suspension were deposited on grapkhite as
mentioned above and were first investigated using x-ray diffraction.
Figure 6-1 shows x-ray diffraction patterns of a butanol suspension MoS3 film on

graphite. The solid curve in Fig.6-1 was obtained immediately after the film preparation
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Fig.6-1: X-ray diffraction patterns of a butanol-bilayer form of MoS5 restacked film
on graphite. The solid curve was obtained immediately after the film
preparation and the black dots were taken 4 hours later.
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and the black dots were taken 4 hours later. Again, there are two peaks appeared at the
diffraction angle 26=7.5° and 14.9° respectively, correspondiny to the (001) and (002)
reflections of separz;ted MoS; layers.

From the figure it is evident that the intensity of the peak at 7.5° has decreased after
four hours and is accompanied by a shoulder at an angle corresponding to the bulk 2H-
MoS; value of 14.28°. This indicates that some of the butanol has evaporated after four
hours, probably from regions near the edges of the crystallites. It should be noted,
however, that all our images were obtained within two hours after preparing the film.

The peak positions shown in Fig.6-1 indicate that the ¢c-spacing between two Mo
planes in the film restacked from the butanol suspension is the same as that in the film
restacked from the water suspension. Although butanol and water molecules are quite
different in size, they both have an OH group which may play a major role in the c-spacing
expansion, and oxygen is the largest element in both molecules. On the other hand, the
energetically favorable configuration of the butano) molecule in the restacked film may be
with its longer dimension parallel with the MoS2 plane. This could yield a c-spacing
between Mo planes identical to that of the water-bilayer MoS; film. That is, there are two

monolayers of orientated butanol molecules in between two MoS; single Jayers.

(b) STM measurements

Fig.6-2 shows two current images of a butanol-bilayer MoS; surface at slightly
different locations, taken with a positive bias voltage of 85 mv, an average tunneling
current of 1 nA and a scan rate of 1830A/sec. We see that the images still show a 2x1

superlattice pattern similar to the water-bilayer case.
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b

Fig.6-2: Constant-height images (~32 A x 47 A) of a butanol-bilayer MoS3 surface at
two different locations.
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To obtain the lattice constants, Fig.6-2 was calibrated using graphite images taken
under the same conditions. The calibrated unit cell parameters are lal= 3.9+ 0.2A, Ibl= 5.9+
0.2A and =60 1 °(see Fig.5-4). These values are different from those obtained in water-
bilayer case; especially, a larger expansion along the a direction. We have calibrated a
dozen images obtained from two independent samples at different surface locations, and the
resulting a value is 3.9 £ 0.34, still the same expansion. If the butanol molecules are
ordered relative to adjacent MoS; layers, a different lattice distortion in the top single-layer
MecS3 is perhaps not unreasonable.

Nevertheless, from Fig.6-2 it can be seen clearly that the MoS7 supported by the
butanol-bilayer has a "2x1" superstructure that is qualitatively similar to that of the water-
bilayer case. The expression 2x1 is put in quotation marks to indicate the fact that the lattice
constant in the a direction does not appear to have the same value as that in the 2H-MoS»

crystal.

6.3 Comparisons of different solvent results

From the previous discussion we see the common point in the surfaces of MoS;
single layers separated by different solvent materials is the approximate "2x1"
reconstruction. In the water-bilayer case it is almost a true 2x1 reconstruction of the 2H-
MoS> hexagonal basal plane except for a small change in the angle o, whereas in the
butanol-bilayer case the difference appears in the a direction lattice constant. The "2x1"
pattern seems to be the intrinsic structural form of single-layer MoS3, which, however, can
be modulated by the interface interaction between the MoSj layer and the solvent

molecules.

106



Chapter 6

An interesting experiment was also carried out for the dry restacked MoS; sample.
The parameter a was measured (from images at different surface locations) to be 3.2
0.2A, approaching the crystallographic value of 3.16A for 2H-MoS». I many cases, the
expected hexagonal structure pattern was observed in the STM images without any trace of
superlattice. However, we did observe a likely 2x1 structure at a few surface locations even
though the lal is still measured o be around 3.2A, as shown in Fig.6-3. This effect
indicates that butanol molecules are most likely responsible for the large expansion along
the a direction in the bilayer MoS> film, since the expansion disappeared with the absence
of butanol alcohol after drying of the film. The remaining 2x1 structure may be related with
the sample preparation procedure. Besides butanol molecules, there might be other smaller
compound units in between the MoS layers in the bilayer restacked film, which can not be
dried out. They could exist between MoSs layers even in the dry restacked films, thus
isolating the top MoS3 single-layer from the second layer, and hence the intrinsic 2x1
structure of the single-layer could be kept unchanged. From our sample making process,
the possible candidate for the units is lithium-methoxide formed from lithium and methanol
during the exfoliation process, which is smaller then a butanol molecule and about the size
of a water molecule. Thus the image of such a dry restacked film would be close to the
image of water-bilayer case. Since the image quality obtained was not good enough for a
quantitative extraction of other lattice parameters, we are not able to give further detailed
measurement about the structure. Obviously, further investigations are necessary to
confirm the contents of the material as well as the structure by other experimental

techniques.

107



Chapter 6

Fig.6-3: Constant-height image (~35 A x 32 A) of a dry restacked MoS; sumple
obtained from drying a butanol-bilayer MoS» film.
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6.4 Mechanism speculations

The interactions between MoS7 layer and solvent molecules could be elastic and
electronic. Since the single layers in water and butanol suspensions appeared qualitatively
with the same "2x1" pattern, the quantitative differences may be due to the elastic
interaction, because butanol molecule size is larger than that of a water molecule. There
might be possibilities that the solvent molecules influence the MoS layers electronically,
and cause the distorted octahedral structure.

The role of the suspension liquid in modifying the electronic structure is not clear. It

[96] (57) in some

is known that the intercalation of alkali metal”™ or of organic molecules
transition metal dichalcogenides can result in compounds with structure differing from
those of the parent material. The electronic properties of these compounds would change
due to charge transfer from the intercalant to the host material, and a modification of the
band structure must also be considered due to the change in structure.

The experimental results of Py and Haering[%] on Li-intercalated MoS; indicated a
transformation of the layers from trigonal prismatic to distorted octahedral, due to the
charge transfer from the Li to the MoS» which increases the number of the non-bonding
electrons on Mo d orbitals from 2 to 3 (i.e. from 42 to d3).[98] As was shown by Kertesz
and Hoffman, 8 the number of non-bonding electrons on transition metal d orbitals (d1) in
a transition metal dichalcogenide is a key factor to determnine its coordination structure.
Based on the band structure and total energy calculations, they concluded that for 4V the
octahedral structure is more stable; then filling the lowest d bands starts to favor the
trigonal-prismatic structure; for & again the octahedral geometry is more stable, and metal

clustering may occur to form a distorted structure like Re4 in ReSes (see Fig.4-9). Indeed,

Chnissafis et al (9] observed a 2apx2ag superstructure for the Li-intercalated MoS». The
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overall structure is then quite similar to that of ReSe? crystal (Chapter 4), in agreement with
a model proposed by Kertesz and Hoffman.[%8] However, ReSes is a semiconductor while

1961 indicarin g that there are some detailed differences between the

Li-MoS3 is more metallic,
two materials.

After the exfoliation process, solvent molecules (either water or butanol) are in
between the MoS; layers instead of lithium atoms. It is reasonable to believe that the single
layers of MoS7 would possess a structure which might be different from that of both
crystalline 2H -MoS; (i.e. 1x1 lattice) and Li-MoS» (i.e. 2x2 superlattice similar to ReSen),
and might be a slight modification of both. The observed "2x1" superstructure is the
expected intermediate result. As revealed by optical absorption measurements”’~! and
Raman scattering experiments,[93] MoS; single layer suspensions possess distorted
octahedral structure and show an increase in metallic behavior. These properties are similar
to that of crystalline WTe; (Chapter 4). In analogy with Li-intercalated MoS3, we may
speculate that the solvent molecules might provide a kind of driving force for the Mo atoms
to form Mo-Mo-bonded zigzag chains, just like the W atoms within a WTe layer. It has
been reported that organic molecules, such as pyridine, intercalate into TaS, and form a
bond by donating electrons to partially filled sulfur orbitals (x-ray electron emission
measurements indicate that the bonding is to the nitrogen atoms in the organic
rnolecule).[97’ 100] Therefore, we might speculate that a similar bonding mechanism exists
in both the water and butanol suspensions, which could result in the distorted octahedral

structure and increased conductivity of the single MoS, layers in suspension. Further

experiments will be required to corroborate these speculations.
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Summary and outlook

7.1 Theoretical section

We have presented the first theory of the STM images of the surfaces of staged
graphite intercalation compounds (GIC's). We found that the corrugation amplitude (CA)
and carbon-atom site asymmetry (CSA) are very sensitive to the number m of graphite
layers covering the first guest layer and the charge transfer value, but insensitive to the bulk
stage due to the screening of intercalant layers. The CA increases with increasing m, with
decreasing charge transfer, and also with decreasing tip-to-surface separation. The CSA
does not strongly depend on the tip-to-surface separation, but has a surprising dependence
on the charge transfer and m, switching on discontinuously with decreasing charge
transfer. We predict that in many cases there should be no CSA in the STM image even
when the usual AB stacking of the graphite layers occurs at the GIC surface. For a given

charge transfer, the CA is larger for acceptor GIC's and the CSA is larger for donor GIC's.

7.2 Experimental section

Graphite and three transition-metal-dichalcogenides (2H-MoS2, WTe; and ReSe))
crystalline surfaces have been imaged with a STM system assembled for operation in air.
The atomic-resoiution images of three transition-metal-dichalcogenides show the expected

basal plane projection lattices (i.e. 1x1 lattice of the corresponding chalcogen sublattice for
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2H-MoS», 2x1 superlattice for WTey, and 2x2 superlattice for ReSe2), even though the
images are not necessarily the reflections of the metal layers. There is no conclusive
evidence to confirm which chemical identity has been imaged in the 2H-MoS2 STM
images, as there is no difference in the symmetry for both types of atom sheets. The
observed zigzag pattern in the valence band WTe) images does not correspond to the W
atomic sites, because the measured distance between the two paired rows changes with the
tip-to-surface separation and is larger than the distance of the two W paired rows,
indicating rather strong contribution from the surface Te atom layer. In the ReSe; surface
images, we clearly observed four distinct types of bright spots which primarily represent
the Se atomic sites, though the Re layer underneath has influence on the spot size and
brightness and on the one spot site slightly shifted from the regular position of the Se
sublattice.

We have, for the first time, successfully observed the structure of single-layer MoS»
in suspensions with the application of the STM in air. The single molecular layers are
obtained by exfoliation of Li-intercalated MoS; in water and in alcohols. When either an
aqueous or butanol suspension of single-layer MoS3 is deposited on graphite substrates,
restacked films will be formed with solvent molecules included between layers of MoS5.
The STM images obtained from both types of films show that the unit cell of the single
layers corresponds to an approximate 2x1 superlattice of the hexagonal 2H -MoS»
structure. The "2x1" pattern can be modulated by the interface interaction between the
MoS; layer and the solvent molecules. The unit cell parameters for water-bilayer MoS» film
case, in conjunction with the published results obtained with x-ray diffraction, EXAFS and
Raman scattering methods, imply that the single layers of MoS7 adopt a distorted

octahedral structure. The image of dry restacked MoS; obtained from an aqueous
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suspension transforms back to the hexagonal MoS§; pattern, which is also consistent with
the results obtained by other methods.

Though the basal plane structure of single layers of MoS7 has unambiguously been
observed with the STM, the registration of surface atoms in the images is still uncertain.
Further theoretical studies on the LDOS based on the measured single-layer MoS3 structure
would be of interest to interpret the STM images. Also further experimental and theoretical
efforts are still required to solve the structure details of the atomic constituents of single-
layer MoS2, and to conform if solvent molecules play an important role in moditying the
single-layer MoS> electronic structure. The recently developed technique of optical
absorption microscopy and spectroscopy might be an appropriate method for further
investigations.“m'IOS] By illuminating the tunnel junction of the STM with laser beam and
mapping the optical absorption of the surface with atomic resolution, one can obtain the
photoinduced tunneling current caused by the electron-hole pairs created by the absorption
of incident radiation, and obtain an additional surface photovoltage caused by the generated
extra carriers. Such induced tunneling current and photovoltage may provide information
useful to study sample surface characteristics as well as chemical variations on atomic
scale. It has been shown that the image obtained under illumination is different from the
usual STM image,“m’ 104.105] pence simultaneously obtaining and comparing both type
of images (for instance, one could record different modes for every other line in the image,
then manipulate the data by computer so as to obtain separate images in registration with

one another) would be helpful for the sample surface studies.
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switch on "B", otherwise on "A",
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CLAMP CIRCUIT

2k
Ci AN _L.F oK P
356 +
(Clamp - in) + LFa56 -
= LF3se
J_ + Co
) (Clamp - out)
+15V +5v 4.7k
—1 7805 A\ A +
LF358
2k
CONTRAST CIRCUIT
4.7k
Zio 4.7k

(F356_Sr—AAA— 4.7k 00
] “Lrase Zo

+
4.7k % 2k

+15V +5v § 10k
7805

L + offset
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ROTATION CIRCUIT

" FINE ROTATION “

0° 10° 20° 30° 40° 50° 60° 70° 80°

fﬁf}}j t % % o
""""" " COARSE
- - B ROTATION "
10k j
= 10 k 55’
1 . w% % % % %ﬁ%ﬁf%&‘% 10k o
- w*: 9 9 g0 © XB
LF356 =3 °
180 ¢
'E%i 5%5 o 53% -
|
- @»
|

|
|
l
|
i
1
{
|
|
!
|
& |
| _A ~ «q-—-'—-’- Yn
e —@W
b 180 °

Note: The imputs "XA" and "YA" are connected with the scan generator which
provides * 5V peak-to-peak voltage signols for both of the x and y outputs. In
atomic scale imaging, switck on "S1" while "S2" is open; in large area imaging
(> 200Ax200A), switch on "S2" while "S1" is open for the purpose of prowdm g

the two H.V. amplifiers (KEPCO OPS 1000B) with negative input signols.
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MAGNIFICATION CIRCUIT

Xi

(from XB
of Rotation
Circuit}

Yi

(from YB
of Rotation
Circuit)

1k

1k

L+

0-100k

47 Q

LF356
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