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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 

MoS2, with scanning tunneling microscopy (S'FM). 

h order to understand how tunneling images reflect the atomic nature of sample 

surfaces, the electronic and structural properties of intercdate.' graphite slurfaces 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 subband structure. The CA and CSA can be used to map the stage 

domains across a freshly cleaved surface. The S W  images sf the surfaces of both donor 

md 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. Tkiz crystalline surfaces of 

graphite and three transition-metal-dichalcogenides (2H-MoS2, WTe2 and ReSe2) have 

been studied with the STM system. 

Single layers of MoS2 can be obtained by the exfoliation of lithium-intercalated MoS2 

powder in water and in several alcohols. In the STM observations, the samples were 

prepared by depositing either an aqueous or butanol suspension of single-layer MoS2 on 

graphite substrates to form restacked films wit5 two monolayers of solvent molecules 

included between the layers of MoS2. The real-space images obtained from the films all 

show:d the existence of an approximate 2x1 superstructure on the surfaces, although the 

2x 1 pattern can be modulated by the interface interaction between the MoS2 layer and the 

solvent rnalecules. These results, in conjunction with existing x-ray diffraction and Raman 

iii 



+$a .,s,,,s, ,,I+ imply &a: t(te single layers of F4oSz adopr a &~iili-ec"liict~tl&rdl stmcitrrc. in 

addition, STM images have been obtained ham drq. restacked bh•̃ :! filrrrs arid thcsc 

indicate that on drying the structure transforms back to the hexagonal MoSz pat tern. 
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Chapter 1 

Introduction 

The scanning tunneling microscope (STM),~', 'I a superb tool for surface science, 

was invented by Binnig, Rohrer, and co-workers in 1981 .13-51 It enables one to image 

geometric and electronic surface structures directly with atomic resolution, and lience to 

"see" the red world of surfaces atom by atom. The famous example for people to realize 

the importance of STM is that the 7x7 reconstrucrion of the silicon (1 11) surface was 

demonstrated in the STM 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 

instance, to include other probe-sample interactions like forces,[71 or to manipulate atomic 

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

chemical modifications. 28-1 11 

In the past decade marly types of STM's have been made 12-14] in order to tlave 

them operate under various conditions. For instance, STM's are operated in an ulwa-high- 

vacuum (UHV) environment for observing surface structure and the growth of inetals and 

 semiconductor^,^^^ in liquid nitrogen or liquid helium for imaging charge-density waves in 

some transition metal chalcogenides, [I5, and in air at ambient pressure for studying inert 

surfaces of layered rnare~ials.~'~~ 

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 to those whose surfaces are 
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citerriicdiily inert and free from cona&-i-inaiion iri a%- or easy to deat-e. Layered maieihls, 

such as graphite and @ansition-metal-dichdcogenides, satisfy the above conditions and 

provide valid experinend objects. In particular, if a layered material contains water or 

alcohol between the layers, then the STRl observations in air are necessarily required and 

an UHV er~vironment would not be appropriate. The main purpose of this thesis is to 

understand theoreticr;lly how a surface electronic structure determines the STM image by 

means of studying graphite intercalation compomds, and to dete&e expflmentdly t%e 

atomic structures of some transition metal dichalcogenide crystals and single layers of 

MoS2 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, 1 give an overview of the work presented in this thesis. 

I .  1 The principle of STM 

STM is based on the principle of electron tunneling, There are two fundamental 

components to form the tunneling uni~, 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 angstrom, 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, md 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 



e!r:~en?s to electm~i~a.Uy conml the tip motions, the SThl can effectivdj: "n:api' t?:e atvr;;k 

structure of the sample surface. 

One way of using the STM is called the colastant-current mode. By adjusting the 2- 

position of the tip with a feedback circuit while tip scanning across the swfax, the 

tumehg current is monitored and regdated to the preset demand value thousa~ds of timcs 

per second. A constant tunneling current is ahus maintained, andl the tip z-motion will trace 

out ahe profile of h e  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 matie, 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 curn~gation 

amplitudes less than the average tunneling distance, can be imaged by r~u r&ng  thc 

tunneling-current deviations instead of the z-displacement of the tip. A faster scan spccd is 

possible in the constant-height mode and thus the infomtion can be ~noveci into a higher 

frequency range where the low frequency noise is minimized The cons~nt-height mode 

image can also be called the current image. 

No matter which mode of operation is used, tunneling at positive tip bias with respct 

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 



ll Rl  
The existing theories can be classified into two groups+LzVJ One is based on a free- 

electrun model in which the tip and the surface are characterized as box electrodes 

containing free  electron^.^^'^ The other is based on a transfer Hamiltonian approachrm1 

with the surface characterized by its atomic structure. 

The former goup 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 thc 

image potentid in the gap region cai~ be effectively treaid by b5e theories. Tkus 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 to 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 funneling current over the surface and not necessarily its absolute 

value. Rased on the firs! order time-dependent perturbation theory, the tunneling current 

can be described by [20-221 

where M is the tunneling matrix element,f(E) = { 1 + exp[(E - EF) /~BT ] )-I is the Femi 

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



densities of states in_ the sample and the tip, respectivdy. We see  hat the 'trmr!e!it?g current 

is proportional to the convolution of the electronic states of sample and tip. 

Tersoff and ~ m a n n ~ ~ ~ ~ ~ ~ ~  introduced the use of a transfer Hamiltonian approach. 

By modeling an s wave function tip, they showed that the tumeling curreor could tx 

simplified in the low voltage and low temperature h i t  to the local density of staters (LDOS) 

of the sample evaluated at the center of the tip, 

where r is the center of curvature of the tip and ykn(r) and Ebt are the electron eigenstates 

and energy eigenvalues of the sample. This relation shows that the tunneling tip fdlows a 

contour of constant local density of the surface states in the constant-current mode. At low 

bias voltage, only the states near the Femi level of the sample contribute to the tunneling 

current. 

Tersoff and H a m ' s  theory is attractive because the problem of understmding the 

STM image simply becomes the evaluation of the local density of states at the surfax, 

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 sarnplc 

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. f25,2h1 

In this thesis, I am interested in how the tunneling inlage reflects the surface; electronic 

structure, and hence the transfer Hamiltonian approach of Tersoff and Harnann 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 ( r n ~ l t i - t i ~ ) [ ~ ~ ~  and electronic (not r 
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but d, properties of the tip are found to dramatically influence the STM image. 

Since the tip state is always &fircult to determine in ssitu in the usual experimental system 

(though people propose to obtain pt by means of analyzing the simultmeously acquired 

local tunneling spectra in UHV[~']X 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 strucare 

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, W e 2  and ReSe;! 

(Chapter 41, and a novel material-single layer MoS2 (Chapter 5-6). 

Chapter 2 describes 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 

elect~onic 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 Hanlann model that STM 

images depend on the local electron density of states (LDOS) of the sample surface at the 

Fenmi ievei, Since the gmphite 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 



e!ctronic origins of the two momdies found in a pristine graphite image. Also. the resulrs 

can be used to map surface domains of different graphite layers above the h s r  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 wid1 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 cdculations of the images of GIC's have yielded sevcrd predictions which have k e n  

evidenced in some recent experimental data. 

Chapter 4 is devoted to the experimental. studies of the crystalline surfaces of 21-1 - 

MoS2, W e 2  and ReSe2 with the SThl 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 difficult to de tennine 

whether Mo or S atoms have been observed in the STM image, the STM images of ReSq 

and WTe2 are primarily due to the chalcogen layers on the top surface but with clear 

influences &om the metal lzyers 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 MoSz in water 

and in alcohols. When either an aqueous or butanol suspension of single-layer MoS2 is 

deposited on graphite substrates, restacked fdms will be formed with solvent molecules 

inciuded between layers of MoS2. 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 -MoS2 structuse, though the "2x1" pattern can be modulated by the 

interface interaction between the MoS2 layer and the wlvcnt molecules. The image of dry 
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restacked MoS2 obtained from an aqueous suspension transforms back to the hexagonal 

MoS2 pattern. We then speculate on the mechanism of the role of the suspension liquid in 

modifying the electronic structure of MoS2 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 instrumentid problems to be overcome to enable one to obtain atomic 

resolution STM images are those associated with the mechmical stability of the tip-:;tufxe 

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 unit 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 rigiditj~ is to make the mezhaiicd eigenhquerrcies of ihe tunneling unit milch 

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 to 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 resoiution images the sharpness and the 

physical and chemical stability of the tunneling tip are critical. Currently, the most popular 

tip materials k ing  used are tungsten and Pt0.g-I.qy~ wires. The standard methods of 

obtaining workable tips are electrochemical etchingt"* 301 and mechanical ginding or 

cutting. Rut the in situ tip structure is difficult to determine, since the tip is often reformed 

during imaging because of tip-surface interactions associslted with the scanning and 

tunneling process. As we h o w ,  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 @OS) and the tip D O S . [ ~ ~ ]  The tip thus may 

induce same 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. 

The main support frame is machin& from two pieces of brass and the whole structure 

is pocket size (- 9cm in height) in order to achieve high mechanical rigidity. Also the 
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tripod, sample holder, sample holder pad, mechanical coarse and fine positioning screws, 

and the base (-6.3crn in diameter and 1.3cm thick) for holding the support frame are all 

constructed of brass. Therefore, thermai drifts causexl by using materials with different 

expansion coefficients are greatly reduced. 

The tip holder is fixed on a tigid tripod configuration and its movements are 

controlled with three identical birnoqh piezoelectric disks. The bimorph consists of two 

Channel 5800 piezo disks,[331 each disk is 14mrn in diameter and lmm thick. When a 

positive voltage signal is applied to the z-bimorph, the effect is to drive the tip down and 

thus shorten the rip-surface distance. The sensitivities of the x and y bimorphs were 

calibrated using graphite images and were about 8.8 &W and 10.3 &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 

dinlensions 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. 

Commercial 0.25-mm or 0.5-mm diameter Pt0.8-Irg.2 tipsr341 were used for the work 

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 conicdiy shaped brass holder which screws into the end of the z-axis drive 

m. E l e c ~ c d  connection ro the rip 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. 



UsiidIy, a saimple is glued Oilto a "thin glass plate to ins~~iaie i r  fro112 rile sminpic 

holder, and then mounted on the horizontal face of the holder t\itt~S-rninnrr t'posy. 

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 :he 

feedback circuit. 

Tfie "T" shaped brass sample holder (see Fig.2-1) is mounted by two copper spring 

plates. One M d s  it f ghtly 2nd presses it horizontdly totvxd ths main support frame iind 

the other one holds it vesically 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 sirs on thc 

other end. The brass pad has two threaded holes, a mechanical coarse-positioning scrcw 

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 influexe of external vibrations is reduced in the following ways. Thc 

STM head is put on an extremely heavy table (granite slab on LO-RE2 springs) originally 

used for optical experiments, and several soft papers are put in between the ST-M 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 r 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 pjece of brass of the 

main support frame and vibrations cannot be transferred through the coarse positioning 
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sc-;r,rav. Memwhile, the feedback circuit will provide an offset signal to maintain the 

tunneling current, compensating any change to the tip-surfacs gap during the operation. 

This procedure was suggested by Dalhousie University and was found effective in 

reducing the relevant mechanical vibrations. 

The block diagram of D u i  STM electronics is shown in Fig.2-2. The important parts 

for the S'FM are a conducting tip held by a tripud md 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 PCIAT 286 computer 

compatible) and displayed on an analog RGB color graphics monitor. 

There are two operationd modes for the STM: 

f 1)  constant-current mode 

The tip-to-surface distance is set by comparing the tunneling current to the demand 

preset ctlrrent 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. f,i 321. h the feedback main circuit, a log amplifier is used to linearize the 

exponentid behatria= of twrmeling current, a reference-adjust stage is used to set a demand 

currcnt, 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 ~ 0 ~ 1 0 0 0 ~ ) ~ ~ ~ ~  which has 
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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= K2C) of the integrator into a small value, one can operate the STlM in constant-current 

mode with proper tip scan rate. As small zresults 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 zvalue used in my 

experiments is 0.2 - 0.6 rns in this mode. As shown in Fig.2-2, the voltage applied to the 

z-bimorph (&fore the high-voltage amplifier) is recorded because the tip z-motion reflects 

the surface 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. 

f212) constant-height mode: 

One can apply a steady voltage to the z-bimorph through out the ti2 scanning, so that 

the absolute tip height is fixed, and the tunneling current is then recorded. By adjusting the 

time constant (z) of the integrator to a large value, we can operate the STM in constant- 

height mode with fast tip scan rate. As large zresults in slow response of the circuit, hence 

slow response to the z-displacement of tip, thus the feedback system only keeps the 

awrage current constant. The typical z value used in my ex~r imen t s  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 sf the pre-amplifier is 100mV/nA 

and the typical tunneling current is set about a few nano-anperes in experiments, such that 

the converted voltage value is large enough that it usually fits properly within the input 

window of a DT2851 frame gabber board[361 which is inside the computer and thus the 

Lunplifying coramst circuit Is ngt Eecesszry here. 

A clamp circuit is used to limit the amplirrlde ~f electric signal between OV and 1.2V 

as required by the input of the frame grabber board in both modes of operation. 



Scan control circuits inciude a rotation circuit and magnitic:ttictn circ~nts. w h ~ h  are 

used to drive the x and y piezoelecnic birnorphs. Based on rimer scan signals generated b! 

a scan generator board inside the computer, the rotation circuit providt~.~ the fimcrion of 

rotating the tip scan orientation, witb which one can find out if the tip shape is synunetric 

withir, the scan plane and rule out the relevant artifacts. The magnification circtiits provide* 

the ability to enlarge or reduce the scan signals from the scan generator, and thus conrrrol 

the scan scales. We usually use another two high-voltage amplifiers (KEPC'O UPS 

IOOOB)[~~]  after the outplits of the magnification circuits if large scale imaging is reqtlired. 

As mentioned in Ref.[32], one can safely apply k 8WV to the bimor-phs withotlt 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 generator[371 built inside the computer is used to provide a triangle 

wave for x scan direction and a wave for incrementing y after every x scm, both with a 

voltage range of +cV. The frame grabber board is also a comrr~ercial one which is desig~lcd 

for the IBM PC/AT computer. On the monitor screen, the STM images are cornposcd of 

raster scans, with left-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 blankcd. 

Commercial computer software[371 is 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 irnages 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 dean and inert. Graphite is thc 
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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) iflustrates 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 a 

sublattice consisting of atoms with neighbors directly above and below in adjacent layers 

and a p sublattice consisting of sites without such neighbors. 

The SKI xmage of a graphite surhce 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, El, 2,25.26,31, 

38-401 i s .  the two kinds of carbon-atom sites appear not equivalent and P sites are more 

visible than a sites (see Fig.2-3@)). As was shown by Tersoff, r251 the fundamental 

reason for the corrugation is that the STM probes the lwal electron density of states at the 

Fernai level, Since the Ferrni 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 elecaron~.[~~] Batra et and Tornanek and co-workers 401 have shown 

that the carbon-atom site asymmetry is a property of the electron eigenstates resulting from 

the AB stacking of the graphite.[26* 393 401 The bonding between the interlayer nearest 

neighbors affects the surface charge dcnsity. 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 

af pristine graphite, 

The microscope descrikd h previo~s sprdons has k e n  used to h a n e  E L!:: stxrface ef 

a highly oriented pyrol y tic graphite (HOPG), In Fig.2-4, tbe three images were obtnined in 

constmt-height mode on three different surface locations of the graphite with a 0 . 5 - m  

P~.g-lr0.2 tip. The brightness in the images does not correspond to the height of the 



Fig.2-3: (a) Graphite At3 stacking structure with a- and type carbort-atom sites in 

2D perspectives, Tne surface graphite Iayer is indicated wifi  solid hcxagocs 

and the nearest subsurface graphite layer with &shed hexagons. 
(b)Individual P type atoms spaced 2.45A apart are resolved on a graphik 

image (3D perspective) obtained with the STM in constant-height mode. 
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Fig.2-4: Current images (-36h50A and -150Ax210A) of three different surface 

locations of a graphite, obtained with a positive tip bias of -10mV, an 
avempe current of 4.5nA for (a) and of 2nA for (b) and (c). 



surface, but to the variation of the tunneling cussent at a fixed t i p  I~eighr, Fig.2-4(a) shows 

the typical graphite image consisting of an away of bight spots ivitti thc cau~xctcci 

hexagonal stn~cture and only three bright spots per ctu-tmn hesagon. 'Thc inragc was rahw 

at a positive tip bias of 8.4 mV and an avelage tttnnelirtg cursent of 1 HA. Two iiirgt'r awrz 

atomic-resolution images obtained later are shown in Fig.2-4(b) and (c), taken at :tbout the 

same tip bias and an average c ~ n e n t  of 2 nA. The deviation from tlrt ideal h c x a p i a l  

pattern that is apparent in the figure results from the different x and y scales of the scrccn 

from which the photograph was taken. 

From the images, we see that the surface is not that perfect when viewed i l l  lctnrwely 

larger scale, there are some defects as small in size as that of a few atom. Up011 closer 

examination of Fig.2-4(c), one notices that there is a little distortion along thc 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 duection of the computer screen, and fi~ster scan will hclp to 

separate the signal from low frequency noise, one finds it relatively easier lo gct irnagc 

distortions along the y direction. 

Four more graphite images shown in Fig.2-5 demonstrate tip induced artifiicts anti the 

subtlety of interpreting atomic-resolution STM images. In the irnagc sliown in Fig.2-S(a), 

the bright spots appear triangular in space; in Fig.2-5(b), a honeycomb arstly appears in thc 

image; in Fig.2-5(c), the image shows a loss of three-fold symmetry because tlrc bright 

spots are stretched in rows; in  Fig.2-5(d), the bright spots appear round in shape. Mizcs cjt 

ol.["] have shown that two single-atom tips can cause effects that account for tllc imge 

variations shown. The STM image i a superposition of t _ ~ r _ s  silng!e-atomtip i n q p ,  the 

second shifted by the relative separation of the two tip atoms, Since c x h  image i s  

dominated by only three independent Fourier. componerrts, the superposition would restdt 

in the 3rd set of three Fourier components of differing anipiitudes and phases. Diff'ercnt 



nm. w 

Fig.2-5: Rmr differant types of graphite irnagei obtained with lis r 1 M. (a)Tne 

bright spots appear ukqylar in space @A honepomb array appears in 

the image. (c)The image shows a loss of three-fold symmev. (d)me b&ht 

spots appear round in shape. 



combinations &he final anplimdes XEO phases of the same Fourier ci;mi;i;i;rnts ii.i{: give rise 

to various image patterns shown in Fig.2-5. Since the tip structure is unkr~otvn and its 

properties are also involved in the tunneling precess. it is hard to determine espcrirrlent;~tlv 

which image is the principal image obtained with a single a t m  tip. Images shown in Fig.2- 

5(b) and (c) can be ruled out because of the known synmmry of the crystal lattice, but the 

remaining two are the candidates for a principal image, Nevertheless. ~ m i f  i d (  

periodicity qf the c~ystal is always vr'sibfe In d1 of the four images. 

The last two images, shown in Fig.2-6, were obtained from a graphite sirfxt. k ing  

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 (z) 

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 cotistunt. Thc tunneling 

current is recorded to profile surface atomic structure in this operation mode. When wc iical 

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 brighiness) 

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. 
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Theory of STM imaging of intercalated graphite 

Graphite has been a prototype material for 5TM 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 anomdous features in a graphite image--a large 

cormgation over the center of each carbon hexagon anri 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 dic total 

electron charge density of the surface which shows only modest variations across the basal 

plane.r267 311 The first anomaly, as shown by ~ e r s o f f , [ ~ ' ~  is due to the unusual electronic 

structure of a single graphite layer, in which the Fermi surface collapses to a point at the 

corner 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 enhancc ihc 

cormgation amplitude,[41J especially in the case of contaminated s ~ r l a c e s . [ ~ ~ ~  The second 

anomaly, as demonstrated by Batra et a1 lz6I and Tomanek md co-workers 139,401 is 

primarily a property of the bulk material, attributed to the AB stacking of the graphite. 

The electronic properties of gaphite can be r n d f i d  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 i~itcrcalatc 

is defined as a donor or an acceptor according to the direction of the Femi level 
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displacement. These structure and additional charge modifications will influence the energy 

bands and the Femi 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*a1 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. f45-461 We show that the corrugation amplitude and the carbon site asymmetq 

are sensitive to the charge transfer between the guest and host, to the distribution of the 

transferred charge among the host layers close to Lre su-face, 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 electronic properties of GIC's, [43* 441 which 

r d e s  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 GlC'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 al The absence of carbon-site asymmetry and the 

reduced cormgarion ampiitude predicted by the mode1 for the STM irnages of SbC15- 

graphite haw recently been supported by Biensan et a1 in their experiments on a similar 

charge transfer coefficient GIC, ~ r C l ~ - g r a ~ h i t e . [ ~ ~ ~  



We briefly summarize the structure of graphite intercatation compounds in 3.1. Our 

theoretical model is described and analyzed in 3.2. The results arr presented i n  3.3. 

Finally, we outline our conclusions in 3.4. 

3 .  B Graphite intercalation compound (GIC) structure 

When a layered host material such as graphite is intercalated with a guest species, the 

guest atoms fil l  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 rz graphite host 

layers. This is called a stage n compound. 

The characteristic structure 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 4& gallery occupied by the guest, but the crystal is dlvided into Daumas-H6rold 

domains with different galleries being occupied by the guest in adjacent domains.[491 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 fiom 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 

. . gqr\b;+a ccy =,.&, +~.r- ulb S. ,- r - ,~ ,~g  is miiexponendd, with the screzrihg ehxge densky a i d  the 

associated potentid decaying rm@dy as a power of h e  distmce from the closest gucst 

layer.[501 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. 



Host 

F i g .  1: Schematic representation of stage order and domain structure in a stage-4 

GIC. 
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In addition. the Ferrni level of the system i shifted from that of pristine graphite kcsust. of 

the transferred charge. Clearly , the different (m) surface domains have different potentid 

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 jpphite layers, ~ g l w r - 4 2  it is trot 

interrupted by the presence of a guest layer-, is still the usual graphite ABRR str-!cking 

sequence. This is known to be correct in the bulk case for most staged ~ 1 ~ ' s . ~ " ~  "I in 

this stacking there are two kinds of carbon atom sites: a sites which are adjacent to carbon 

atom sites in the neighboring graphite layer(s), and P 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.3-3 can be prepared by cleaving 

a GIC sample, arid at least in the case of SKI5-graphite, the surface domain structure 

appears to be suffkiently stable to be studied in vacuum, according to the high-resolution 

scanning ion microprobe work of Levi-Seni et Lagues, D.Marchand and 

~ . ~ r t t i g q [ ~ ~ ]  have suggested that some guest species may tend to segregate towards tllz 

surface leading to an increased guest concentration in the first sub-surface gallery, whilc thc 

opposite effect may occur for other guests. Our thcory 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 amd type carbon-atom sites in 
(a)2D and (b)3D perspectives where IQI = b = 1.42A and 1231 - co = 3.35A, 

and (c) the hexagonal 2D Brillouin Zone where wavevector k = u + K and 

u = (2n/3b, 2d33f2b). 



3.2 The theoretical model 

Our starting point is the result of Tersoff and ~ a m a n n . ~ " ~  that at low hias ~oltiigcs. 

for a simple s-wave mode! of the STM tip, the tunneling ctirrent is pri?portiot~ttl tct thc local 

density of states at the F e d  energy EF which is given by 

where r is the center of curvature of the tip and Yi, ( r )  and Ek, are the electron cygenstates 

and energy eigenvalues of the sample. The STM image in the constant-cumnt rnctlie 

represents a contour of constant p ( r , E ~ ) .  

The whole idea of the theoretical considerations is presented in the block diagram 

shown in Fig.3-3. To calculate p(r,EF) for the STM image of a surfke domain, we 

structure the model Hamiltonian of the system so as to include the effects of trimsferred 

charge distribution (which depends on m and intercalate charge transfer value 4), and use a 

modification of the tight-binding model of Blinowski and co-workers 153. 54j to find the 

wavefunctions Yk, (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 ulk(r) (built 

of carbon atomic 2p, orbitals cp,(r) ) for the wavefunction Yk, (r) of the system oi m 

graphite layers, but a different form of the Hmiitonian. The m ,qapi~iie iayers in  tilei r 

ii;odd are iii the b-zlk of GIG, and they beat the cX~ge-ifis~:ltiiiii~n-~'tliitd f-famlltonian 

matrix elements phenomenologically. Our interest is in the surface region, and we calculate 

the charge distribution and hence find its effects on the Hmiltonim matrix element\ by 
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Theoretical model: a modification of tight-binding model of Blinowski er a! 

by mEving the non- h e a r  
self-consistent Thomas- 
Ferini equaiiolrs of Safi-an 
and Hamann 

The wave function of a system of m 
graphite layers: 

by solving the secular equation 
to determine the eigenvatues and 
the eigenvectors 



numericaiiy soiving the noniinear self-consistent Thomas-&mi equiitions of Saf~tin imi 

Hmann. f501 

We note that simple tight-binding models are known to k capable of clescribing thc 

main features of the ST34 image of pristine graphite.L401 Our calculations reprc~iucc t l l r  

results of the published frrst principles calculations of the STM images of nruldlayes slabs 

of pristine graphiter261 as well as of graphite monolayers[251 with reasonable :~cculncy. For 

example, we find an asymmetry of -0.6-0.7A bemeen the a and sites of il four layer 

slab of pristine graphite in constant current mode, which is close to the 0.5A found t ~ y  

Batra et a1 1261 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 for 

the description of GIC energetics of staging, a phenomenon which is very sensitive to the 

distribution of the transferred charge. [43* 47 50- "* 561 Sa f rm  and H m m n  derived the 

nonlinear self-consistent Thomas-Fermi equations and solved them analytically to give the 

bulk potential Ssmbution in GIC's. We calculate the potential distribution of a srrrjiuce 

domain by solving the equations numerically for a semi-infinitc 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 ~ a r n a n n : ( ~ * ~  (a) the transferred charge is 

homogeneously distributed in the layers perpendicular to the c axis, i.e. both the graphite 

and the intercalant layers are treated as charged sheets with an inhomogeneuus potential 

along the c axis (b) the effects of the small c axis band dispersion of the ~ a p h i r  

energy bands are neglected, so that the energy bands can be described by a two- 
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dimensional (c)  a continuum approximation to represent the distribution 

between the intercalant layers is adopted1581 

For donor guests, the Thomas-Fermi energy of the system is then given byi501 

where ni(z) and ne(z) are the intercalate-ion and electron carrier density in the c axis 

direction, respectively; t(nJ 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(z).  

The first tern in Eq.(l) represents the electrostatic energy, with V(z) satisfying 

where E d . 4  is the c-axis dielectric c~nstant[~~]of graphite layers. 

The second term in Eq.(l) is the band kinetic energy of the electron carriers. The 

graphite band dispersion is given approximately by E(K)=(~R)Y&O~~I,[~~~ 54J 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, K is the 2D wavevector measured from 

the corner of the hexagonal 2D Brillouin Zone(see Fig.3-2(c)), XJ ~ 2 . 5  is the tight- 

binding Hillniltonian matrix element associated with in-plane nearest neighbor coupling.[533 

The total band energy per electron t(n,) is then 
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where ro= @/2)7&bb(~~)'~, and co = 3.35 A is the interlayer spacing of graphite. 

Based an the Thomas-Fermi approximation, if ~(rr , )  and (-e)&) have their zeros 

defined by the F e d  level of pristine graphite, the minimization of Eq(2) wid1 respect to 

n,(z) yields a local relation between charge and elecnostatic potential [501 

and one can rewrite L;jq.(2) and (4) as 

where 

and 

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

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

the areal charge density on the intercalate layers, as 



where f is the number of electrons received or donated per intercalate unit; qxn is the 

number of carbon atoms per intercalate unit for stage n GIC, which is related with the 

stoichiometry of CIC's; L? = 3b2sin60* is the area of the unit cell of 21) graphite. Thus, 

%f/q is tk namber sf electrons transferred per 2D graphite unit cell on the layers. 

Therefore, at the Lth intercalant layer, the boundary conditions are given by1501 

where p = 20. t o ( n / ~ ) l E ,  4 and 5 1 are locations just above and below the Lth intercalant 

layer, respectively (see Fig.3-4). 

The numerical results presented here are for a mcdel in which the intercalate layers are 

represented by charged sheets of infinitesimal thickness so that electro-static boundary 

conditions at the graphite-intercalate intdaces take the simple form (Eq(12) and (1 3)). 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 domsin (m graphite layers), we 

need to give appropriate s?t.face Dsundq  c~n&tic;ns. Since there is 30 h e  areal chzge 

density on the GIC swfxe, and the GIC should be neutral as a whole, fcr 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 1 st 

subsurface intercalant layer. 



We multiply Eq.(lO) by 2&5) and integrate over the near surface region (02 5 3, 
see Fig.3-4) with the consideration of the surface boundary conditions to obtain 

Similarly, in the region 6 L 5 6 5 5 t+l 

where @,, is the minimum value of the region. 

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

By integrating (15), we find 

where s is the distance from the first intercalant layer to the surface. Similarly, from (16) 



where d = 16; - I is the distance (corresponding to fir0 in .--space) between two 

neighboring intercalant layers. 

Defining 

Thus, (21),(223 and (23) are our iteration equations. We try a value of &, and obtain 

from (21 j, then use (23) and (22) repeatedly to find qml, &, @rf12, &... etc. The iteration of 

@m~,(or &-) should tend qddudiy towards the bulk soiution @m,h i@Jr otherwise the initial 

value & should be adjusted until a proper qb, i found. pr3b and Qlh are determined by 

numerically solving the following two equations 



Having found #s, we use the Runge-Kutta numerical method for solving the initial 

value problem for the differential equation (15) to find $I(@ in the surface region (0 -< 5 I s, 
or 0 5 z 5 rnco), and hence the potential distribution V(z) among the rn surface graphite 

layers. 

The above treatment can be easily extended to the case of acceptor GICts. 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-worker~,[~~] who carried out detailed 

psuedopotential calculations for the case of stage 1 LiC6, found the superlattice effects on 

the STM cornigation amplitude to be very s m d .  Note however that some recent 

experiments carried out by Kelty and ~izb&'~] in an argon atmosphere suggest that in 

some stage 1 alkali-metal GICts 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 [53$ by including only the nearest neighbor in-plane and interlayer 
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hopping tems. AU electronic hopping tems between host layers scpmtzrt bv ;I guest Inyer 

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 

uik(r) built of atomic 2P, orbitals q&). For a system of m graphire layers, the 

wavefunction YI, is then a linear combination of Zm tight-binding basis functionsLsl~ 

where C is the normalizing factor , k is the 2D wavevector, and R,= n l A l  + 112A2 is the 

2D lattice vector formed from primitive translation vectors Al  and A?. Z2j.l and Tzj 

(i=1,2,.,.m) are the shortest vectors from the origin Zl=O (see Fig.3-2) to a and P type 

atoms, respectively, in the jth graphite layer. 

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

surface domain is represented by the following matrix 



where A) represents the potential energy in graphite iayer j, which is determined by 

averaging the se!f-consis*nt screened potentid energy eV(z) over the range of €0 occupied 

by the jth layer; g(k)=exp(~k*~2)+exp(ik*~3~2)+e~P(ik*~331~2),53 and D3 is the 

operator of the 2M3 rotation about the c-axis; 7 ( ~  is the resonance integrd [j3? ktween the 

carbon 2P, orbitals of nearest-neighbor a-P atoms within a graphite iayer, while Yl is that 

between the orbitals of nearest-neighbor a-aatoms on adjacent graphite layers. We take 

?&2.51eV and ?5=0.377e~.[~~] ?he "+" sign is for the case of acceptor guests and "-" 

sign for the case of donor guests. Ail matrix elements between two carbon atoms separated 

by more than the distance co are negected. Also, all matrix elements between graphite 

layers separated by a guest layer and berween graphite and guest are neglected. 

Shifting all energy levels by HllkA1,  we write the secular equation of the matrix (28) 

where &jcAl-Aj is the potential energy ddference between the fmt graphite layer and the 

jth layer, which is always a positive value, and x represents Yg(k). 



For m<4 surface domains, the H matrices are simply the upper-left 23ms3tn parts of 

the m=4 matrix. 

Thus, in our model the presence of the intercalate is felt only through its ir~iluence 011 

the site-diagonal Hamiltonian matrix elernenrs 61j V=2, ... m) and on the total nninbt:r of 

electrons present. The former are very sensitive to the charge transfer value 2flq and m, and 

the latter is ultimately determined by the value 2flq. 

Using as input the results of the self-consistent prPromas-Rnni cdculatiorr of t;j:j 

described in 3.2.A, we find the matrix elements of the tight-binding Hamiltonian of the m 

swface graphite layers. We then solve the secular equation (29), determine the energy 

bands and the Ferrni level, and evaluate p(r,&) using Herman-Skillman tight binding 

carbon orbitals.[621 

3 . 3  Calculation results 

In Fig.3-5 we show the calculated constant-current S T M  profiles for a typical 

acceptor GIC, stage 4 SbC15-graphite, with stoichiometry SbC15C14x4 dz1d charge transfer 

coefficient (2fq =0.31/7). SbC15-gmphite is of particular interest because of the 

previous experimental observation of the surface domain structure in that systern.15' 

The results for a stage 4 alkali-metal donor GIC with stoichiometry MOQlx4 and &- 1 

(2fq =1/3) are shown in Fig.3-6. MC6x4 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 rn=1,2,3 and 4 graphite layers at the surface covering the top guest layer as 



Fig.3-5: Calculated constant-current STM profiles for stage 4 •˜bas-graphite surfaces 

(curves 1-4 correspond to m=1-4 graphite layers covering the top guest layer as in 

Fig.3- I), and for a 4-layer slab of pristine graphite (curve g). For curve g the Fermi 

enerm was taken to k 0.0258eV to reflect in a rough way the thermal broadening 

of the FernG surface as discussed by Batra et drZa 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. 



Fig.3-6: Calculated constant-current STM profiles for stage 4 M@6x4 alkali metal- 

graphite surfaces and for pristine graphite. Notation as in Fig.3-5. 



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 a and P on the horizontal axis mark the locations of 

the a and P atoms of the surface graphite layer. The five curves in each figwe 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 m in the 

Figures. 

Among &di metal GIC's only Li-graphite has equilibrium phases with a bulk 

stoichiometry of MC6, at ambient pressures, the other alkali metals being more dilute. 

However, guest concentrations as high as MC6 in the first sub-surface gallery have been 

reported for the other alkali metals.r521 As shown by Lagues and co-workers, E52,64,651 in 

many 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 2fq 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 we& because of the screening effects.[501 Thus the results presented are also 

rcpresentatiw oj*otJter 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 

inarcalation. This feature was evidenced recently in the STM imaging of Clr(313-graphite 



surface reported by Biensan ei C Z ~ . ~ " ~  This is due to rhe Fact th:it the Rnni surfiice ul the 

graphite is greatly expanded by the carriers transferred from the guest, so that rhc wavc 

functions of the Fermi electrons no longer have an esact. n d e  at- &e hexagon ccrrrer, as Lvas 

anticipated by ~ e r s o f f . ~ " ~  The increase in the smnpth of the depression as the number of 

host layers rn between the first guest, layer and the surface increases can tw undtrstood 

qualitatively as an effect of the screening of the pes t  layer by d~ tsamsferred zttarg~*: Thc 

further the surface graphite layer is from the guest layer the s~waller the free cmier dc~tsity 

at the surface and the more the STRa image resembles that of pristine graphite. 'The 

depression in the profile is weaker for a given value of m in Fig.3-6 thm in Fig.3-5 for twtr  

reasons: (a) There is a higher density of transferred charge in the fomrer case, and (bl The 

linear combination coefficients aik which determine the f o m  of the electron eigenfunctions 

Y k  are different for donor and acceptor guests in such a way that the corn~gations art: 

weaker for donors than for acceptors even when 2flq and the shape of the Fermi surface 

(but mf the Femi 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=l,  Fig.3-6 ) that the STM image is predicted tit 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 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.1471 

The calculated corrugation amplitudes increase by a b u t  20% if the average: tip-to- 

surface separation is decreased by 2.5 a.u.(see Fig.2,3 in Kef.[45J), but the carbon site 

asymmetry values do not show strong dependence on h e  tip separation. 

The behavior of the asymmetry between the a and P carbon sites is, very in tcresting. 

There is no hint of any asymmetry for m=l or 2 in Fig.3-5 or for m=1,2, or 3 in Fig.3-6. 



This is a surprise since bilayers and trilayers of AB stacked pristine graphite display a 

strong asymmetry. Tomanek and have pointed out that in stage I 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 a6 r481 

also show the absence of carbon-site asymmetry in their experiments on m=l domain of 

stage 2 CrC1-j-graphite which has a similar charge transfer coefficient to SbClygraphite. 

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 ifidirect 

relying on bulk x-ray diffraction data. 

Mere 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 a sites than /3 sites since the distance between the nearest-neighbor a-a sites on 

adjacent layers is the shortest one. Therefore, on the top surface layer the electrons on the a: 

atoms have the larger probability of being attracted downward due to the coupling with the 

layer underneath, so shat the P 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 P atoms are somewhat less tighdy 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 a and P 
sites in ihe SThii irnage. Tnis is a \rerv rough and intuitive expianation; a more detaiied 

explmadcx of tk absence of CSA based on the properties of the system wavefunciions, 

the energy band structure and the Femi surface will be given later below, 



The asymmetry appears abruptly at m=3 in Fig.3-5 and at nr=4 in Fig.3-6 bur i s  

weaker than in pristine graphite. This is quite different from the behavior of the cor~ergation 

hole at the center of the carbon hexagon which never disappears totally and grows 

smoothly with increasing rn. We find that the finite asymmetry appears discc?ta~itzurtn,\s~ 

with decreasing charge transfer at fixed m>l, when the highest eleccron (deepest holc) 

surface subband is emptied of electrons. 

In Fig.3-7(a) we show the calculated carbon site asymnleuy vs. 2flq for n1=2 surface 

domains. The CSA value is the height difference between a and P 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 zcro to a finite value. The corresponding 23F/q is about 0.034 which varies very 

slightly (by -< 5%) with the bulk stage. As the STN 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 prist.ine 

graphite bilayers and the m=2 surface domain of a donor GIC at the onset of the CSA with 

W, 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 ~ 4 ,  the corner of the 

hexagonal 2D Brillouin Zone (see Fig.3-2(c)). There g(k)=O, and the m=2 secular 

For pristine graphite bilayers, ljI2 = 0, and EF = 0 as shown in Fig.3-$(a), Then from (31) 

we find a1 = a3 = 0, but a2 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. 2fq for (a) m=2, @) 

m=3, and (c) m=4. A = acceptor, D = donor. 



means that the Fermi electron wavefunction vanishes on the a sires. The tunneling ctirrenr 

is therefore contributed only by P type atoms implying a stsong CSA. By c u r ~ t ~ ~ s t ,  for a 

donor GIC at the CSA onset, the E~ jus t  approaches the bottom of the highest elemon 

surface subband Eel.  Since in this case EF > 612, it follows from (31) that for states at the. 

bottom of this subband a;? = 04 = 0, but a1 and a3 are not equal to zero. This means that the 

subband Eel strongly favors the a sites. Since the lower conduction surface subband t3C-2 

also has many states at the F e d  level, and shis subband sUor,gly favors fl sites, by adding 

these two parts we get the tunneling current contributed not only by /3 i ype hut also by a 

type atoms implying a greatly reduced CSA. The higher ccpnducticris 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 tht: a 

site) switches off discontinuously as it empties, which explains how it is possible fur the 

asymmetry to be a discontinuous function of the Fermi level, or of the 2f/q. The calcolatcd 

results show that there is no CSA when EF 2 EC1(~=O). 

We find that the energy bands of m acceptor GIC are simply the mirror image of 

those of the donor GIC with the same 2fq, and the Fermi level is the same in magnitude 

and differs only in its negative sign. That is why both kinds of CIC's have the common 

CSA onset. 

From (3 1) we can obtain analytically the condition for the absence of CSA for dorm 

GIC's in the case of m=2: EF 2 [Slz + (&22 + 4?'12)1/2]/2. Similarly, fur acceptor GIC's, 

the condition is EF I -[& + (liIz2 + 41/12)1/2]/2. 

Tne CSA vs. 2flq 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(e) and (d), and (e) and (0. i n  Fig.3-7&), the onset fur 

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 thc 
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Fig.3-8(a) and (b): The energy band structure of m graphite layers with 8 = 0 (the band 

structure will change somewhat with 0, 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 2flc? value of 8.034. 



Fig.3-8<c) and (d): The energy band structure of m graphite layers with 0 = If. Pristine 

graphite trilayers in (c), m=3 surface domain of donor C X ' s  at the 

CSA onset in (d) with 2fq value of 0.175. 
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Fig.3-8(e) and (9: The energy band ssucture of rn graphite layers with B = 0. Pristine 

graphite 4-layers in (e), m=4 surface domain of donor GIC's at the 

CSA discontinuity in (f) with 2flq value of 0,037. 



charge transfer affects the top surface. In Fig.3-7(c) the scrcming for nr=J is so strong rhat 

there is some CSA even when 23q reaches 0.5. But notice hi the CSA jumps kern a 

lower to a higher value when the 2nd conduction subband empties as shown in Fig.?-S(0. 

This occurs at an 2flq of about 0.037, and the conditions of lower value of tfte CSA are t h x  

EF 2 EC2(~=@ for donors and EF 5 -Ec~(K=O) for accepters. 

En general, the 2flq at the CSA onset increases with m because of the effects of 

screening. The overall trend is for the CSA to increase with decreasing ?&, but sornc 

deviations from this do occur. The difference between donor and acceptor asymmetry 

values tends to decrease with 2flq. It is zero for 2fq=O, i.e. for pristine graphite. For n 

fixed 2fq the donor CSA is always larger than the acceptor CSA; this is becausc thc form 

of Y k  is different for donor and acceptor GIC's even though their Fermi surfaces are  he 

same. 

It is interesting to see from Fig.3-7 that for some GIC's the CSA may tx lut-gel- for 

smaller rn, Fig.3-9 shows the STM images of m=l,2,3 and 4 domains for stage 4 MCIzx4 

with an 2flq=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 Ferrni level rekuivr~ to 

them are all important and 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 CIC, since different domains with 

different, m values should have affering ccxmgztion strengths and carbn atom site 

asymmeuies, as well as having their surfaces offset vertically from each otherf"l because 

of the bends in the graphite layers at the domain walls. 
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Fip.3-9: Calculated constant-current STM profdes for stage 4 MC12x4 alkali metal- 

maphitr surfaces and for pristine graphite. Notation as in Fig.3-5. 
L 



3 . 4  Concf usions 

We have developed the fust theory of the STM images of the sufPdces OF staged 

graphite intercalation compounds. The number m of graphite layers coverirlg tho first gucst 

layer and the charge transfer value are the important parameters entering ow themy. We 

determine the transferred charge distribution along the c-axis, the surface energv bands and 

the Fermi level by using the Thornas-Fermi equations of Safran and Hanmnn and a 

modification of the tight-binding model of Blinowski and co-workers, and cdculate the 

constant current mode STM image using Tersoff and Hamann theory. 

We find that the corrugation amplitude and carbon site asymmetry arc very sensitive 

to the m and the chage 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-sdace separation. The asymmetry does 

not strongly depend on the tip-to-surface separatioa, but has a surprising dependence on 

the charge transfer and m, switching on discontinuously with decreasing charge wansfex-. 

We predict that in many cases there should be no carbon site asymmetxy in the STM image 

even when the usual AB stacking of the graphite layers occurs at the GIC surface. Thc 

published experimental st~dies on some stage-2 accepterL481 and alkali-metal 16' ' 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 

=d the asy-merry is larger for donor G!C1s. 

Our calculations explain the unusual abscnce of atomic-scale featms in the ST?/! 

images of BiCs-graphite reported by Gauthier and c o - w o r k e r ~ , [ ~ ~ ~  and the results for 

pr ishe graphite are in good agreement with those obtained using different theoretical 



methods. Our prediction of the absence of carbon site asymmetry for m=l case and the 

nlarkect reduction in the strengh of the depression at the center of the carbon hexagon upon 

intercalations have been evidenced recently in the study of CrC13-gaphite surface by 

Biensan et al.L481 The marked reduction in rhe cormgations for alkali-meltals K, Rb and Cs 

GIC1s have also been found by Kelty and ~ieber , [~ ' ]  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-dichalcopenides 
surfaces with the STbl 

Like graphite, other layered materials such as transition-ntctal-diciialct~ger~icJes also 

have pseudo-two-dimensional character, i.e. the layers axe weakly con:~ected with van c k r '  

Wads bonds. However, the distinct difference is that each layer consists of cations 

(transition metal) sandwiched between the two close packed sheets of anions (chalcogens). 

Each metal is surrounded by six chalcogen nearest neighbors either in trigon~l prismatic or 

octahedral coordination (Fig.4-1) in the different cornpounds.lM1 Since the swfacjces of 

these compounds are expected to be flat on an atomic scale and to be easily cleaved, tl~c 

atomic resolution STM images can be obtained even in air. 

In this Chapter, I present our STM studies on the crystalline surfaces of' 21 I-MoS?, 

WTe2, and ReSe2 compounds. Atomic resolution images are compared with the known 

crystal structure of these materials. Obviously, each transition-metai-dichalcogenide 

consists of two different types cf atoms, not like graphite composed with only carbon 

atoms. Thus the natural questions on the S W  images are not only which image is thc 

principal image obtained by a single-atom tip, but also whrtt is the chemical identity of the 

individual atomic species that has been registered in the images of the compou~ds sudxcs. 

We give our interpretations for the images of each material, arid discuss sonre tip induced 

artifacts affecting the STfi resulcs. 
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Trigonal prism 

metal: chalcogen: 0 

Fig.4- 1 : Two difitrent types of coordination units of six nearest chalcogen atoms 

around one, transition metal. 



4 . 1  Molybdenum disulfide 

Molybdenum &sulfide is a relatively inert senitconductor corrtpourid, with ;I stn~cturt* 

consisting of hexagonal layers of Mo atoms sandwiched between two hzsa~onat 1 i ~ t . r ~  of 

S atoms (Fig.4-2). Each Mo has six S nearest neighbrs a~mriged in the f i r m  of a tr-igunal 

prism coordination, the bulk unit cell spans two layers whesl MoSz crystallines in the 211 

polytype, which occurs naturally as the mineral rnolybdenite. 

The samples used for the STM studies were mined from China and Nasway 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 planer,[O('l we 

use silver paste to glu: a cqqxr  electrode wire on the corner of a 2H -MoS? surface ad 

usually to coat the edges of the sample in order to take advantage of this highcr in-plane 

conductivity. 

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

the bottom of the conduction band, Stupian and suggested that rhc MoS2 image 

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 ct d 6 ' I  claim that they 

have obtained two distinct atomic sites in the STM images of MoS2 surface, and cvncludecl 

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 bizs 

polarities. 

There has been no conclusive evidence to prove whether the 2H-MoS2 irnagc 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 



Mo: 

Fig.4-2: Basal surface structure projection of 2H -MoS2. The Mo atoms are in the 

plane 1.59A below the S atom plane. 



appear in equal numbers. and the atomic structures for both Xaysrs have the s;mx 

symmetry. Consequently, an image of either h4o or S atoms would haw the satw pattern 

with the same lattice constant. But the claim of seeing; two distinct atomic sitcs is rtlther 

speculative, because it is difficult to distinguish them from tip induced artifacts, as the 

image may also be explained by two single-atom tips effect sirllilllr to that exhibited in 

graphite case. Em 
Fig.4-3 shows the raw data of a grey scale current image (constant-height mode) of a 

single crystal 2H-MoS2, which was taken with the STM system described in Chapter 2 

with a positive tip bias of 155rnV(sample is grounded), an average tunneling current of 1 .S 

nA and a scan rate of 1774 &kc. The image consists of an may of bright spots with the 

expected sixfold symmetry. The calibrated lattice constant is ao = 3.1 -t 0.1 A, which is in 

good agreement with the crystallographic value of 3.16 A.1661 

The above image was obtained with rather low bias voltage compared with the 

469-721 band gap for W-MOSZ. We can even obtain very good atomic- approximately 1 et 

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. [663 731 Fan and ~ a r d [ ~ ~ ]  found that an  

STM irnage of the (001) surface of n-Ti02 could be obtained with low forward bias 

condition (positive tip bias). With a reverse bias, the tip may crash onto the surface because 

the presence of a space charge layer wirhin the semiconductor inhibits tine ~ n n e i i n g . ~ ~ ~ ~  

However, Uos& et a( found Llat for highly doped @ID-8x10~~ cm3) n-GaAs, STM 

measuremenxs were possible even under reverse bias conditions. [761 
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Fig.4-3: A constant-height mode image (-28A x 28A) of a single crystal 2H-MoS2 

(China). 



The doping levels of the molytxienites we used were not chxam5zed, so that we c:~:? 

only suggest the following possibilities for the mechanism of the low bias irnttging. LVith :I 

very small tip(metal)-sarnple(semiconductor) distance, the rnolybdenite energy band will 

bend at the surface either like a Schottky barrier or close to an Ohmic accu~~~ulatioiz 

condition.i771 Positive tip bias condition corresponds to a forward bins situation for n-type 

molybdenite, and reverse bias for p-type rnolybdenite. If the accumulation condition 

occurs, then there is not much question on the possibility of tunneling at even sntdl 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 ta 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 - ~ a . A s , [ ~ ~ ~  and that the electron 

concentration at the surface of n-type semiconductors increases rapidly with the forward 

761 Under these circumstances, it is possible for us to obtain STM images 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 



Fig.4-4: (a)Another constant-height mode image (15A x 2 0 4  of a molybdenite 

(Norway) with positive tip bias of 44 mV and average current of InA. 
Energy band diagams for low positive tip bias with a molybdenite of 

@In-type or (c)p-type. 



(Fig.4-4(c)), the doping density should be so high that the space charge region is rl~irl  

enough that the holes can tunnel from the tip to the serniconducttlr vaIanct- h n d .  FtmhCr 

experiments on the characterization of the sample doping level and on Ilte tunneling 

spectroscopy of the semiconductor surface would be necessay to give detailed infc~r~rlation 

about the small bias imaging. 

We also observed very active tip reforming effects in the experirnents. Fig.4-5 

presents a set of constant-height mode images obtained from n molybdenite surface ;uound 

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 corn~gadon 

(Fig.4-5(a)). If we look at the image carefi~liy, 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 duc to a 

tip effect, as the relative brightness of the two kinds of spots had been switched after the 

brezk. 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 irnage 

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 

uskg a time ~rdered s q w m  of real-time iwxigcs, however, we can u s u ~ l I ~ l ~ ~ 1 1 ~  u J  A U A V  ~1 2. 

artifacts. For instance, according to the previous images obtained we tend to kiicve that 

Fig.4-5(f) is due to a superposition of two images of the type shown in Fig.4-5(b), rather 

than the sample properties. 



Fig.4-5: A set of constant-height mode images (- 26A x 26A) of a molybdenite 

(Norway) surface. 



It is OW experience that in contrast to Lhe gaphitz case high quality images W!P 

seldom obtained immediately from the hkS2 crystals. The initiaLlly noisy MoS2 images ;ire 

associated with more active tip reforming processes than are present in h e  graphitc case 

and the best i m a g  often occurs all of a sudden, as shown in Figit-6. However, once this 

noise-free image is obtained it can be retained during two hours of high-quality and noise 

free scanning (Fig.4-5:f)) without visible change in the image pattern, corrtp,?red to the 

approximately 10 minute periods in the graphite case. The underlying reason for these 

phenomena is not clear. We speculate that fhese may be related with the possibility that 

&ere are S and Mo species terminating the tip, which could !x lifted from MoS? surface 

during the low bias imaging. This is analogous to the situation in and other 

materials 1793 801 where surface atoms are sometimes found on the tip. As the atoms picked 

up from the surface on the tip may not have the stoichiornenic ratio of 2: 1 for S and Mo, 

and thus the tip may zend to pick up the addi'jonal atoms required to achieve chemical 

balance by means of reforming itself to find a p rqx r  structure configuration through 

interaction with the MoS2 surface in the tunneling process. Presumably, the reforming may 

be much more active and prolonged than is found in graphite case, because more thm 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 k e n  achieved with a stable configuration of a Ma atom, 

for example, adsorbed on the Pt-lr tip. 



* - i-rg.4-6: Two consmx-height mode images taken from a same surface location of a 

rnolybdenite (China) with a positive tip bias of 226 mV and average 

tunneling current of 3.5 nA. (a)?he imaging is rather noisy initially for a 

quite while, and @)high quality image (36A x 58A) often appears all of a 

sudden. 



Crystalline WTe2 possesses a distorted octahedral stsucture. Within each laver, the \.\I 

atoms were displaced from their octahedral coordination unit centers in such a way that 

every two TOWS of W atoms pair to farm zigzag and siighdy buckied chains. This aisn 

causes the Te atom sheets to buckle somewhat, bxir appear approximately hexagor~aI in the 

surface projection view (Fig4-7). The perpendicular distance between the pair& W rows 

is 2.2A, and the surface unir cell is rectangular with tlrc dimensions of 6.28P\ x 3.50A.I"- 

831 The surface projection structure is an 2x1 superlattice of rhe appmxirnately 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 er a1@' 831 have imaged WTe2 with an STM and found zigzag structure in the 

images. Based on their cdculaiions of the spatial distribution of the valence charge density 

(due to the fded states) on the WTe2 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, increases with tip-to-surface distance. Also, the spatial distribution of 

charge is bias voltage and polz-ity 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 constanx-clment mode images obtained from a Wi'e;! sanlple 

(made and given by Dr. Frind?) surface being scanned in perpendicular directions. Both 

images were taken in air, with low positive tip bias of 97 mV and relatively high ~unneling 



W: @ is 0.21 A higher  t h a n  . 
Te: 0 is 0.65 A higher  than 

Fig.?-:: Basal surface srructure projection of WTe2. 



current of 2.2 nA, as VITq is a semi-metal compound with much louer resistivity \ ~ f  

-2~10-3 ohm-crn than that for ~ 0 ~ 2 . ~ ~ '  The images clearly show the expected 2.x 1 

smcture. There are two alternating types of rows with spots different i n  size rind 

brightness.The calibrated rectangular unit celi par-meters are 3.4 2 0.1 and 6.4 Lt o . ~ A  in 

agreement with the crystallographic values of 3 5 4  and 6.28A (Fig.4-7). respectively. 

The image shown in Fig.$-S(a) looks particularly like the spatial chi~rge density 

distribution of a WTe2 surface due to the filled states calculated by Tans et u/,[''~ thus we 

tend to believe that it represents the principd 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 aip bias. Evidently, the phenomenon suppons the pmiiction calculatd by 

Tang et al that the surface charge density distribution is dependent on the tip-to-surface 

&stance.[831 In our experiments the tunneling current is constant and equal to the preset 

value regardless of the bias voltage applied to the tunneling unit. Therefore, changes in 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 ocher, 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, especial1 y if d ~ c  

tip is not sharp enough. 



Fig.4- 8: Constant-current mode images obtained from a WTe2 surface being scanned 
in perpendicular directions. The image dimensions are 25A x 50A for (a) 

and 36A x 32A for @). 



4 . 3  Rhenium diselenide 

Crystal ReSe2 is a semiconductor compound with about the same energy gap 

(1.18ev)IW1 and resistivity (8 ohm-crn)lM1 as that for crystal MoSz. 

Similar to WTe2, ReSe2 also possesses a distorted octahedral structure, but the mctal 

clustering is a slight modification of the regular zigzag structure. Tfms Re atoms shift off 

from their regular octahedral sites in such way as to form chains of rnetd~-rx1ct&~-bndec~ 

"diamond" clusters (Fig.4-9). The average bond distance within each Red cluster is 1'.83A, 

and each diamond cluster is connected with a 3.07A Re-Re bond.[@* This causes the Sc: 

atom sheets to buckle slightly, but appear approximately hexagonal from ahvc .  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 deslppated Se(l), 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 6.72A. [85, 861 This difference, however, is 

difEcult for the STM to resolve. 

Again, in crystalline ReSe2 the symmetry of the metal and chalcogenide sublattices 

are quite different Parkinson et dg7] 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 heir 

calculations of the local density of states (LDOS) p(r,&) 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 S T M  images, although the Se(1) and Se(2) aioms are geomeuically closer to 

the tip. 



Re: Se: 0 is 0.34 A higher than 

Fig.4-9: Basal surface stsuctwe projection of ReSez. 
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We use a ReSe2 sample (made and given by Per Joensen) which was cleaved tvith 

Argon gas blowbig on the sample surface, and Inaged by using a glove bag ~vith. arr Argon 

gas environment. We used an Argon gas environment for the obsex-vatiorr because wr  

found that in air the bias had to be continually increased with dme in order to see the 

surface atomic structure, presumedly because the surface is very reactive and easily 

contaminated. 

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.W was irsed, 

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 1.5n.4. The 2.3V bias is 

found necessary for the 1.5 nA current in order to get atomic-resoiution images frorn the 

ReSe:! surface. Such current and bias values are consistent with the published rneasuwmcnt 

of the tunneling current as a function of the bias voltage by Parkinson ef ~ 1 1 . ~ ~ ~ ~  The 

calibrated average lattice constant is given as 6.6 f 0.2 A which is in good agreement with 

the crystallographic unit cell parameters (see Fig.4-9). 

Fig.4-lO(a) clearly shows the expected 2x2 surface stntlcture. The image pattern is 

similar to the LDOS calculation published by Parkinson et al.[M1 There are four distinct 

bright spots, with three located at rhe right sites sf the hexagonal sublattice of Se atoms and 

one (close to the biightesi) displaced from the regular position, which appear with 

differences in brightness and size. From the structural symmetry point of view, wc agree 

that Se atoms are primarily represented in the STM image. However, the difference of these 

spots in brightr,ess and size, ar,d the qpewmce of the one site displacement arc strang 

kdicahns of Re4 ciustcr I~3uence in the subsw-fzce. 

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

image is not that straightforward. Since the LDOS calculations[871 show that the image 



Fig.3- 10: Three ccmswnt-height mode images (42A x 42A) of a R e S q  sulface . 
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depends on the bias voltage. With a bias which puts the band levels within 0.5 el, fsorr~ thc 

valence Sand top, the brightness i ~ ?  the image decreases in the order Se(3) =. Set41 > Sei2) 

> 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 appea- idertticltl 

in brightness. Fig.4-lO(a) should belong to the 2nd case, since 2.3V is a large bias if i t  is 

compared with the ReSez band gap of 1.18 eV. Therefore, the brightest spots in  the image 

correspond to Se(4) atoms. But the thee 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 ReSe2 image depends sensitively on tk bias vol tagc 

and bias polarity, flwther 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-! W'b) and 

Fig.4-IO(c) are k a g e  of about the s m e  surfzce location, obtAned a b ~ t  A0 minutcs In 

separation. The images appear quite smooth without using any computer filtering function. 

Fig.4- lO(b) obviously shows the 2x2 lattice SO-ucture. 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 darkness. It seems the inverted 

image of the real surface. We attribute this to a multi-tip effect, just similar to the 

honeycomb pattern (see Fig.2-5) observed in the graphite image. Fig.4-lO(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 lattice. The image is composed of two rows with 

clearly different brightness. Since the bias voltage is the same for all three images shown in 

F i g 4  10, it is not likely due to an electronic reason that Se(3) and Se(4) sites appear equal 

in Fig.4-lO(c). It must be concluded that changes in tip condition account for the 

differences between Fig.4- lO(a) and Fig.4- lO(c). Actually, the image pattern shown in 

F ig4  lO(c) can be viewed as a sum of two images (due to mo single-atom tips) like that 

shown in Fig.4-lO(a). Therefore, we believe that Fig.4-lO(c) is not the principle image of 

the surface. 

There is no significant image difference between the positive and negative tip bias 

conditions in ow experiments. The LDOS calculationr871 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 m electronic reason if the bias 

voltage is different. For the same bias voltage, then, as we know previously, tip induced 

artifacts ape always possible in the S?TIA images. 

4 . 4  Comparisons and conclusions 

?he overatl structure for the chatcogen sheets of the three different crystalline surfaces 

is an approximately hexagonal lattice. as shown in Figs.4-2,4-7 and 4-9. However, the 

rnetal sheet sandwiched between the two chalcogen sheets has very different atomic 



arrangement for each crystal. The: Mo sheet in MoS2 shows the ideal hexagonal txtiuc. 

whereas W sheet in W e 2  adopts an atomic zigzag s t rucm. and the Re sheet in  ReSe? 

appears with chGns of Re4 diamond clusters. 'Therefore, the s~u-face proj~tirms of the rhrw 

crystals can be viewed as 1x1 lattice of the corresponding chalcogn sublatxice t'us 2H - 

MoS2,2x1 superlattice for WTe2, and 2x2 superlattice for ReSe2. 

Our STM observations on these three crysral surfaces indeed &splay the expected the 

structural lattices (i.e. lx l ,2x l  and 2x3,  even though the images are not necess:uily the 

reflections of the metal layers. Since the symmetry of Re layers in ReSq crystal is different 

from that of Se layers, the observed four types of distinct bright spots in the irnagc 

prirmrily represent the Se atomic sites, though the Re layer underneath has influence on th~: 

spot size and brightness and on the one spot site slightly shifted from the regular position 

of the Se sublattice. For the WTe2 crystal, however, the observed zigzag pattern in the 

valence band images does not correspond to the W atomic sites, and changes with thc tip- 

to-surface distance, indicating rather strong contributions from the surface Te atom lrtyer. 

For a 2H - MoS2 surface, there is no conclusive evidence to confirm which chemical 

identity has been imaged in the STM images, as there is no difference in t\e symmetry 

between the two types of atom sheets. 



Chapter 5 

Real-space imaging of singlelayer oSz 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.[661 In crystalline 2H-MoS2, each Mo atom is 

coordinated by six S ~ E W I S  in a trigond prismatic arrangement. The adjacent layers are 

weakly connected with van der Wads bonds so [hat it is very easy to break these bonds by 

simply "pulling" off layers to obrain aii atomically flat surface, or to intercalate guest atoms 

between the MoS2 sandwiches. Recently, it has been shown 891 that single molecular 

layers of MoS2 can be obtained by exfoliation of lithium-intercalated MoS2 powder in 

water and i n  several alcoholls. When the single layers are restacked, a large variety of 

organic molecules can be included 'between layers of MoS2. This holds the promise of 

making new artificial two-dimensional materials which would be to obtain by other 

methods. P O ,  911 

For the case in water, the exfoliated single layers are "washed" mri suspended in 

whter, to fom an aqueous suspension of single-layer MoS2 particles. As the aqueous 

suspension dries, it forms into restacked MoS2 with two monolayers of water 'between 

pmilel but ro@tionally disordered MoS2 layers. Such a water bilayer phase may exist for 

seven: days at room temperature in air. [W 

Detailed studies of the resulting MoS2 have k e n  performed to examine whether the 

structure of such new forms of MoS2 are the same as buk 2H-MoS2. Extended X-ray 

absorption fine structure (EXAFS) spectroscopy investigations[891 found two distinct 



nearest Mo-Mo distmces of 2.8 A and 3.8 A for single-layer MoS. in slispcnslor?. a d  ti:;:! 

the 2H-MoS2 lattice constant of 3.16 A reappeared in the water kilayer h1oS.l. 'l'hc sarw 

experiments found that the Mo-S distmce in  both single layer aqueous suspensions md 

water bilayer form is essentially uncllmged from that of 2H-MoS2, Since EXAFS bssic,tlly 

reveals local structural infomation around individual atoms, ehe overall structure of thir 

material could not be inferred from the results. X-my diffraction and Ramam scattering 

resultsL927 931 show that both single-layer MoS2 in suspension and a water bil:iycr MoS? 

have a structure in which the Mo atoms are octahedrdly c~ordinated in contrast ro the 

trigonal prismatic coordination that perlains in 2H-MoS2. In addition, eviclence was 

obtained [527 931 for the existence of a 2~ superlattice. The question of whether it is s 2x2 or 

2x1 superlattice was left open, because both smctures would yield a sianilx X-ray 

diffi-action pattern and Raman spectra. If the restacked MoS2 is allowed to d ry  the structure 

transforms back to the trigonal prismatic coorchnation of Mo atoms witb the bulk 2H-MoSz 

lattice constant, and the layers can exhibit partial rotational &sord ,:. [89,921 

In an attempt to resolve the question of the superlattice structure, atcmir, resolution 

images of restacked MoSz surfaces were obtained with the STM(describe6 m Chapter 2) 

operating in air. 1947 951 In this Chapter, we demonsnate that ihe real-space image o f  watcr- 

bilayer MoS2 surface shows a 2x1 super-structure directly and ufiarnbiguously. The  image 

of a dry restacked MoS2 film shows the same structure as that for crystalline 21-j-MoS?, J H  

good agreement with other experiments previously reported. 189,921 Finally, the basil plane 

lamce parameters obtained from the images were us&, in conjunction with the previous 

EXAFS data, to derive a possible unit cell structure for the single-layer of MoS2. 



5 .1  Singile-layer MoSz sampk preparation 

The preparation of single-layer MoS? in suspension has k e n  desc~ ikd  

previously.[881 By soaking 2H-MoS2 powder in a solution of n-butyl lithium in hexanc for 

at least 48 hours in an argon atmosphere, one can obtain stage I hcfiium-intercalitteal NoS2 

(lLi,MoS2) with a mole fraction of at least x=l.  When the dry intercalation eornpourld 

powder is immersed in water, the water and tb:: intercalated lithium interact to for111 

hydrogen gas between the MoS2 layers, and the expansion of this gas tcnds to sepwilte the 

layers. As the reaction proceeds more deeply into each crystallite the layers h o n w  further 

separated. Therefore, the compound becomes completely exfoliated into single-layer MoS2 

layers which remain suspended in the aqueous solution. 

In order to form a thin, flat restacked film suitable for imaging the MoS2 basal plane, 

a graphite substrate has been used to provide good electrical contact to the MoS2 layers. 

The sample electrode is then placed on the graphite, and a tiny drop of the single-layer 

MoS2 suspension is spread out on the freshly cleaved suiface of the gaphi&. After a few 

minutes the drop has adopted a quasi-equilibrium configuration with the MoS2 layers 

restacked in the water bilayer phase. The thickness of the film is approximately the order of 

10 monelayess of MoS2 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 

a e  zitomicdy flzt, This resds in almost idea! s~bsmte for operating the ST-M ir! air, 

and for obtaining a rather flat restacked MoS2 fih. 

Since the sample has a bilayer of water between the MoS2 layers, an ultra-high- 

vacuum (UHV) environment would not be appropriate for the observations. 



In order to get dry restacked Mo52, we first make thz water-bilayer restacked film, 

and then accelerate the drying process by heating the sample, including the graphite 

substrate, at 180•‹C in a vacuum of - 10-3 Ton for 5 hours. 

5 .2 Experimental results 

fa) X-ray diffraction measurement 

Fig.5-1 shows x-ray diffraction patterns of a freshly deposited MoS2 film on 

graphite, obtained from an aqueous suspension. The measurement was carried out with a 

Philips diffractometer using nickel-filtered Cu K a  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 28 

= 7.5' and 14.9', corresponding to the (00 1) and (002) reflections of separated MoS2 

layers. From x-ray diffraction formula we know that 

With an x-ray wavelength of A =1.542& the two peaks (i.e. 1 =1 and 1 =2) give a 

same spacing between Mo planes of c = 11.8A. For crystalline 2H-MoS2 or dry restacked 

M O S ~ , @ ~ ]  the c-spacing between Mo-planes is 6.2A corresponding to an x-ray diffraction 

peak located at 28 = 14.2g0, which is not found in Fig.5-1. Therefore the c-spacing has 

been expanded by 5.6A in freshly deposited MoS2 film. The expansion value is smaller 

than 6.2& the thickness associated with a single molecular layer of 2H-MoS2, but does, 
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Fig.5-1: X-ray diffraction patterns of a water-bilayer farm of MoS2 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 MoS2 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 MoS2 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 MoSz fdm 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 -MoS2 image (see Fig.4-2) obtained by the 

STM shows the expected hexagonal. structure with the measured lattice constant a0 = 3.1 d- 

0.1 A, which is in good agreement with the crystallographic value of 3.16 A.1661 Fig.5-2 is 

a current image of a water bilayer MoS2 surface, taken with a positive tip bias of 42 mV, an 

average tunneling current 2nA and a scan rate of 1830&sec. The image clearly shows an 

approximate 2x 1 structural pattern with a basal plane unit cell containing two bright spots. 

Previous studies on this material, including x-ray difhction and Raman scattering, have 

indicated that there is a 24) 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. 



Fig.5-2: A constant-height image (-40A x 33A) of a water-bilaycr MoS2 surface. A 

stripe-like 2x1 superlattice structure is apparent. 



Fig.5-3(a) is an image of another sample with the same experimental conditions as for 

Fig.5-2. It a y p w s  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 h a g .  By 

superimposing a grid on the image as shown in IFig.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 la1 = 3.2 4 0.1 A, Ibl = 6.1 + 0.2 A and 

a= 53 + 1". 

Comparing rhe lattice constant a0 = 3.1 f 0.1 A obtained from imaging the 2H-MoS2 

crystal surface as shown in Fig.4-2, we fmd hat  la1 = a0 and Ibl = 2@, hence further 

c o n f i g  the 2ao K ~ 1 0  superlattice structure of the freshly deposited MoS2 film surface. 

However, notice that the measured a is about 53O, and thus the 2ao x a0 pattern can not be 

considered as a simple superlattice of the hexagonal basal plane structure of 2H-MoS2 

where a should be 60". 

Fig.5-5 shows a lz-ger 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-c ment mode with a tunnel 

current of 1.5 nA, tip bias voltage of 48 mV, and a scan rate of 1376 &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 Fig55 it can be seen that there is an may 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 

!blsina (see Fig.5-4). Mong the vertical it is obvielis h t  the peridciey is kss 

than 20, otherwise it would have k e n  resolved. the 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 



Fig.5-3: (a) A constant-height image (-38A by 30A) of another water bilayer MoS2 

sample.(b) The same image with a grid superimposed to show the 2x 1 

superstructure and its unit cell projection more clearly. 
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Fig.5-4: Schematic representation of the image pattern s h w n  k Rg.5-3. The open 

circles represent the bright spots in the current images. The 2aoxao unit cell 

is outlined with solid lines, where la1 = 3.2Hi.lW =a0 and Ibl = 6.1k0.2A = 

2ao. The dashed lines show an alternative definition of a unit cell. 



Fig.5-5: A constant-current image i-132 A x 100 A) of thc same water-biiaycr 

sample surface as that shown in Fig.5-2. The image still pmwsws thc same 

2x1 pattern as shown in the higher resolutioli hut vmller \car1 ratlgc irnagc 

(see Fig.5-2). 
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consistent with the x-ray diffractiofi measurement. From images obtained even larger 

scan ranges the areal size of the crystallites was estimated to be -100 x 100 A2. 

Fig.5-6(aj shows a current image of a complelely dry restacked MoS2, taken at a 

positive tip bias of 1 V, an average tunneling current of 2 nA and a scan rate of 3627 a s e c .  

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 structme without any trace of the 2x1 auperlattice. The 

lattice constant is measured to be 3.1 k 0.1 %, (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. [89,921 

We believe that the STM images shewn in Fig.5-2 and Fig.5-3 reflect the atomic 

structure of a single layer of MoS2 at the top surface of the water bilayer phase MoS2 film. 

The second MOSZ layer from the top surface has very little effect on the tunneling image, 

since there are two monolayers of water between each of the MoS2 layers which are parallel 

t~ each other but rotationally disordered.[891 and our STM observations on different 

scmples and different surface locations of a sample all show the same 2x 1 superlattice. 

Therefore, it is most likely that the structure of the single-layer MoS2 in suspension has 

basically the same pattern as that shown in Fig.5-2 and Fig.5-3. As Raman scattering 

experhen ts [92q 931 have shown one obtains identicai superlattice modes for both single- 

layer MoS2 in suspension and a water bilayer MoS2 fih. EXAFS results for the Mo-Mo 

distances, 3.8A and 2.8& are also obtained from both Hcwever, the s m t m  

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 3.16181, which is not 

observed in the single-layer suspension. reappears in the water bilayer 



Fig.5-6: (a)A constant-height image (-46 A by 4 1 A) of a dry restacked MoS2 

surface. (b) The calibration image obtained from the substrate graphite 

surface with the same experimental conditions as that of the above image. 



Fig.5-7 shows two current images that were obtained from two different water- 

bilayer MoS2 firns. 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. Obviously, 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 appeaing 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 -1203 counter-clockwise. These domain structures 

may be caused by the edge effect of the second MoS2 layer under the top layer, and the 

water molecules may bc: ordered relative to adjacent MoS2 layers. 



Fig.5-7: Domain structures appear on the surfaces of two different the water-bilayer 

MoS2 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 unik cell structure 

Comparing EXAFS results with our SIXhl mezsurernens for freshly restacked MoS2, 

one obvious aspect is that the single crystal 2M-MoS2 lattice constant has been found by 

both methods. It is more difficult to find a direct correspondence between two nearest Mo- 

Mo distances 3.8A and 2.8A obtained by EXAFS and the lattice constants determined &om 

the STM images. Since the STM probes the local electron density of states around the 

Fermi level of the surface, [237 241 the bright spots in the current image do not necessarily 

correspond to the positions of individual atoms of the surface.r251 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 2uo x i~ pattern with a = 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 a = 53O, 03 = la1 and OB = Ibl measured 

by the STM to be consistent with the h4o-Mo distances measured by EXAFS , one row of 

Mo atoms has to be displaced vertically by h = 0.9A. The D' point on the projection plane 

is then slightly displaced (- 0.05 r%) from the 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 AD1= 3.04 A and = 2.65 A (shown in Fig.5-8) calculated with h = 

0.9 k, are in ageement with the lengths W = 3.0 + 0.1 8, and FC = 2.6 + 0.1 A (shown in 

Fig.5-4) measured with the STM. 

We know from Chapter 4 that WTe2 possesses a distorted octahedral layer structure, 

whose basal plane projection is similar to the structure shown in Fig.5-4. In the WTe2 



Fig.5-8: Schematic 3D perspective model for consistency tx 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 a=  53 ", OX = la1 =ao, and = lbl = 200, as given by STM. 



Chapter 5 

structure the adjacent rows of W atoms are displaced by 0.21 A. With the unconstrained 

single Iayer MoS2 a iarger distortion then that found in crystalline WTe2 is not 

unreasonable. If it is assumed that the STM images reflect the relative positions of the Mo 

atoms, an h 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 si.~rface.[~.~~ However, the possibility of a 0.9 A corrugation 

cannot be ruled out. Since we operate the STM in air, contarnination on the tip and the 

sample surface can reduce the effective tunnel banier height,l3? 41 hence a 0.9 A corrugation 

m y  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 •’?om the images (Fig.•˜-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 canid  out on single MoS2 layers 

separated by a bilayer of water molecules. The atomic resolutiori images clearly show an 

approximate 2x 1 superlattice str?lct?xe for the ~ ~ l g k - k y e r  of iMoS2 at the t q  of the fiLm 

surface. One of the basal plane lattice constants is found to have t!!e same d u e ,  as the balk 

2H-MoS2 case, and the other one is about twice that of the bulk value. After drylng by 

heating or aging, the atomic arrangement of restacked MoS2 layers transforms back to the 



bulk hexagonal ttigonal prism structure, and the measured lattice constant is found to k in 

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

It has been shown r88- 891 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 smcture properties of the water-bilayer MoS2 

surface, and a 2x1 superstructilre 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 MoS2 single layer and 

solvent layer interface interaction an the basal plane structure, sl~spnsions have k n  

prepared in butanol [CH3(CH2)30HJ and STM experiments were carried out on the surface 

~f butanal-bilayer MoS2 f i h s  on graphite substrates. Atomic resolution SIYm images from 

the single layers of MoS2 in butanol again reveal the existence of a 2x1 superlattice, which 

is qualitatively similar to that obtained from the aqueous suspensions.[951 Therefore, these 

results suggest that the 2x1 pattern may be the intrinsic structural form of single-layer 

MoS2. 

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

compare the results obtained from the butmol and water suspensions. 



6 . 1  Sample preparation 

The butanol suspension used was made as follows. The Iitkiu111-i~~tercalatt'ci MoS? 

was obtained first as described in Ref.1881, then exfoliated in methanol, arid washed with 

n-butanol 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 MoS2 layers restacked in the solvent bilayer phase. The film is more thrm 10 times 

thicker than the situation for the water-bilayer film as estimated from the relative 

concentrations of the single-layer suspensions. 

In order to obtain dry restacked MoS2, the drying process can be accelerated by 

heating the smple, including the graphite substrate, at 70•‹@ in a vacuum of - 10-3 Ton 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 

Ja) X-rav diffrac tion measurement 

The single layers of MoSz in a butanol suspension were deposited on graphite as 

mentioned above and were first investigated using x-ray diffraction. 

Figure 6-1 shows x-ray diffraction patterns of a butand suspension MoS2 film on 

graphite, The solid curve in Fig.6- 1 was obtained immediately after the film preparatj on 
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Fig.6- 1 : X-ray diffraction patterns of a butanol-bilayer form of MoS2 restacked fdrn 

on ?he 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, t!!ere are two peaks appeared at the 

diffraction angle 2& 7.5" and 14.9' respectively, carresponding to the (001) ard (002) 

reflections of separated MoS2 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- 

MoS2 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 Lqdicate that the c-spacing between two Mo 

planes in the film restacked front 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 butanol molecule in the restacked film may be 

with its longer dimension parallel with taae MoS2 plme. This could yield a c-spacing 

between Mo planes identical to that of the water-bilayer MoS2 film. That is, there are two 

monolayers of orientated butanol molecules in between two MoS2 single layers. 

(b) STM measurements_ 

Fig.6-2 shows two current images of a butanol-bilayer MoS2 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 1830&sec. We see that the images still show a 2x1 

superlattice pattern similar to the water-bilayer case. 
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Fig.6-2: Constant-height images (-32 A x 47 A) of a butanol-bilayer MoSz surface at 
two different locations. 



under the same conditions. The calibrated unit cell parameters zre \a\= 3.W 0.2.k !hi= 5.9k 

0.281 and a = 60 t-1•‹(see Fig.5-4). These values are different from those obtained in wntw- 

bilayer case; especially, a larger expansion dong the a direction. We haw calihr-ated a 

dozen images obtained from two independent samples at different surkce tocatiuns, and rlw 

resulting a value is 3.9 2 0.3A, still the same expans.. ion. If the buta~mi nldecules a r t :  

ordered relative to adjacent MoS2 layers, a different lattice distortion kt d;e toy; single-layer 

Mas2 is perhaps not unreasonable. 

Neve*&eless, from Fig.6-2 it can be seen clearly that the MoS2 supported by the 

butanol-bilayer has a "2x1" superstructure that is qualitatively similar to that of the wates- 

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 2X-I-MoSz 

crystal. 

6 . 3  Comparisons of different solvent results 

From the previous discussion we see the common point in the sufidses o-F MoSz 

single layers separated by different solvent materials is the approximate "2x3 " 

reconstruction. In the water-bilayer case it is almost a me 2x1 recansbiuction of the 2E.i- 

MoS2 hexagonal basal plane except for a small change in the angle a, whereas in the 

butanol-bilayer case the difference appears in the a direction lattice constant. The "2x 1 " 

pattern seems to be the intrinsic structurai form of single-layer MoS2, which, however, can 

be mdtiiakd by i r k  interface inieraciion 'between the ivio32 iayer and the soivcnt 

molecules. 
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r i n  interesting experiment was also carried out for the dry restacked MoS2 sample. 

The parameter a was measured (from images at different surface locatinris) to be 3.2 4 

0.2A, approaching the crystallographic value of 3.168. for 2H-MoS2. In many cases, the 

expected hexagonal stnlcture 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 

rhough the lai is still measured to be amund 3.2& as shown in Fig.6-3. This effect 

indicates that butand molecules are most likely responsible for the large expansion along 

the a direction in the bilayer MoS2 film, since the expansion disappeared with the absence 

of butanol alcohol after w i n g  of the film. The remaining 2x 1 structure may be related with 

the sample preparation procedure. Besides butanol molecules, there might be other smaller 

compound units in between the MoS2 layers in the bilayer restacked film, which can not be 

hied out. 'They could exist between MoS2 layers even in the dry restacked films, thus 

isolating the top MoS2 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 smder 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. 



Fip.6-3: Constant-height image (-35 A x 32 A) of a dry rcstackcd M d ~  s:mijiJc 

obtained from drying a butanol-bilayer MoS2 film. 



6 .4  Mechanism speculations 

The interactions between MoS2 layer and solvent molecules could be elastic and 

elecrronic. Since the single layers in water and butanol suspensions appeared qualitatively 

with the same "2x 1" 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 MoS2 layers electronically, 

and cause the distorted octahedral structure. 

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

is known that the intercalation of alkali metal[%] or of organic moleculesr971 in some 

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 ~ a e r i n ~ [ % ]  on Li-intercalated MoS2 indicated a 

~msformation of the layers fiom trigonal prismatic to distorted octahedral, due to the 

charge transfer from the Li to the MoS2 which increases the number of the non-bonding 

electrons OP Mo d orbitals from 2 to 3 (i.e. from d2 to d3).[981 As was shown by Kertesz 

and  offm man,[^*] the number of non-bonding electrons on transition metal d orbitals (d") in 

a transition metal dichalcogenide is a key factor to determine its coordination structure. 

Based on the band structure and total energy calculations, they concluded that for 80 the 

octahexkaf structure is more stable; then filling the lowest d bands starts to favor the 

trigonid-prismatic structure; for & again the sctahedral geometry is more stable, and metal 

clustering may occur to form a distorted structure like Re4 in ReSe2 (see Fig.4-9). Indeed, 

Chrissafis et d1991 observed a 2a&0 supersmcture for the Li-intercalated MoS2. The 



overall structure is then quite similar to that of ReSet crystal (Chapter -t), in agreement with 

a model proposed by Kenesz and  offm man.[^'] However, ReSez is a sefico~~ducioi while 

Li-MoSz is more metallic,[961 i n d x a ~ g  that there are some detailed differences her wren i hc 

two materials. 

After the exfoliation process, solvent molecules (either water or buranolf are in 

between the MoS2 layers instead of lithium atoms. It is reasonable to believe tlm the single 

layers of MoS2 would possess a structure which might be &ffersnr from that of both 

crystalline 2H -MoS:! (i.e. 1x1 lattice) and Li-MoSz (i.e. 2x2 superlattice similar to ReScz). 

and might be a slight modification of both. The observed "2x1" superstructure is the 

expected intermediate result As revealed by optical absorption measurements[921 and 

Rarnan scattering experiments,B31 MoSz single layer suspensions possess distorted 

octahedral structure and show an increase in metallic behavior. These properties are similar 

to that of crystalline W e 2  (Chapter 4). In analogy with Li-intercalated MoS2, we may 

speculate that the solvent molecules might provide a kind of dnving force for the Mo atoms 

to form Mo-Mo-bonded zigzag chains, just f i e  the W atoms within a W T q  layer. It has 

been reported that organic molecules, such as pyridine, intercalate into TaS:, and fonn a 

bond by donating electrons to partially filled sulfur orbitals (x-ray electron emission 

measurements indicate that the bonding is to ehe nitrogen atoms in the organic 

molecule). r977 lW1 Therefore, we might speculate that a similar bonding mechanism exists 

in both the water and butanol suspensions, which could result in the distorted octiii~eciral 

structure and increased conductivity of the single MoS2 layers in suspension. Further 

experiments will be required to corroborate these speculatiox.. 



Chapter 7 

Summary and outlook 

7, P Theoretical section 

We have presented ?he fixst t4eory of the f 734 images of the s i a c e s  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 s-qrising dependence 

on tbe charge transfer and nz, switching on discontinuotasly with decreasing charge 

transfer. We prndc: that in many cases these should be no CSA in the STRi image even 

when the usuai 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 GICs. 

7 , 2  Experimental section 

Graphite and three transition-metal-dichalcogenides (2H-MoS2, W e 2  and ReSe2) 

crystdine surfaces have been imaged with a STM system assembled for operation in air. 

atomic-resoiurion images of three trar,,sition-metal-dichalcogenides show the expected 

basal plme projection lattices (i.e. 1x1 lattice of the corresponding chalcogen sublattice for 
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2H-MoSz,2x! superlattice h r  W e 2 ,  and 1x2 slii;edattice for ReSetf, even itiollgh 

images are not necessarily the reflections of the metal layers. ?here is na coxrclusive 

evidence to confirm which chemical identity has been imaged in the W-MoSz STM 

images, as there is no difference in the symmetry for both types of atom sheets. The 

observed zigzag pattern in the valence band WTe2 images does not correspond to the W 

atomic sites, because the measured distance between the two paired rows changes with tt~r 

tip-to-surface separation and Is larger thm the distance of the two W paired rows, 

indicating rather strong contribution from the surface Te atom layer. In the ReSq 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 MoS2 

in suspensions with the application of the STM in air. The single molecular layers are 

obtained by exfoliation of Li-intercdated MoS2 in water and in alcohols. When either an 

aqueous or butanol suspension of single-layer MoS2 is deposited on graphite substrates, 

restacked films will be formed with solvent molecules included between layers of MoS2. 

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 2N -MoS2 

structure. The "2x 1" patterr, can be modulated by the interface interaction between the 

MoS2 layer and the solvent molecules. The unit celI parameters for water-bilayer MoS2 film 

case, in conjunction with the published results obtained with x-ray diffraction, EXAFS and 

Rarnan scattering methods, imply that the single layers of MoS2 adopt a distorted 

octahedral structure. The image of dry restacked MoS2 obtained from an aqueous 



suspension transfonns back to the hexagonal MoS2 pattern, which is also consistent with 

the results obtained by other methods. 

Though the basal plane structure of single layers of MoS2 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 MoS2 structure 

would & of interest to interpret the STM images. Also further experimental and themetical 

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 modifying the 

single-layer MoSz electronic structure. The recently developed technique of optical 

absorption microscopy and spectroscopy might be an appropriate method for further 

inve~tigations.[~~'-'"~ 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, [lo'* lo'* losJ hence 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 k helpful for the sample surface studies. 
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Note: The above two circuits are based on the feedback circuit designed by Dalhousic: 
University as shown in Ref. [32]. When a positive bias voltage is applied to the tip, 
switch on "B", othewise on "A". 



CONTRAST CIRCUIT 



ROTATION CIRCUIT 

" FINE ROTATION " 

" COARSE 
ROTATION " 

Note: The kputs "XA" and "YA" are connected with the scan generator which 
provides rf: 5V peak-to-peak voltage signols for both of the x tirid y outputs. In 
atomic scale imaging, switch on "Si" while "S2" is open; in lxge area Irnacring 
(> 2008or200A), switch on ltS2" while IIS1" is open for the purpose of pro$ding 
the two H.V. amplifiers (KEPCO OPS 1000B) with negative input signols. 
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