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Abstract 

The structure of restacked monomolecular layers of MoS, with organic 

tetrachloroethylene (TCE) included was studied using X-ray powder diffraction and X-ray 

diffraction of thin films in reflection and transmission. It was found that the MoS, host 

layers are separated by a monolayer of TCE and that the MoS, is strongly distorted, with 

the Mo in an octahedral coordination. 

Optical absorption and electrical resistance measurements were performed on the 

MoSJTCE system. The results support the conclusion drawn from the X-ray studies that 

the MoSz in the MoS,/TCE system exhibits properties similar to those for the MoS,/water 

bilayer system. A 15K resistive transition observed by other workers for MoS2/poly- 

ethylene-oxide (PEO) is not observed in the MoS,/TCE system. 
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Chapter I 

Chapter 1 
Introduction 

1.1. MoS, 

Molybdenun~ disulfide, MoS,, is a member of the transition metal dichalcogenide 

family. It is used as a catalyst in the petroleum industry and is also widely used as a 

lubricant. Its highly anisotropic structure and properties attract a great deal of interest. 

MoS, has a layered structure consisting of MoS, sandwiches held together by a 

relatively weak interaction usually referred to as the Van der Waals force (Fig. 1.1). Each 

MoSz sandwich layer is composed of one molybdenum sheet in between two sheets of 

sulfur. The atoms in a sheet form a two-dimensional triangular net. The separation 

between the Mo sheet and the S sheet is 1.59A. The distance between the Mo sheets of 

adjacent sandwich Izyers is 6.1581. 

Van d e r  Waals f o r c e s  

Fig. 1.1 The laycred slruclure of MoS, 

The force which bonds the MoS, sandwich layers together is relatively weak in 

comparison with the intra-layer bonding between Mo atoms and S atoms. This introduces 

very anisotropic physical properties f o ~  the material. MoS, crystals cleave at the Van der 
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Waals gaps between sulfbr sheets. A sample as thin as a few molecular layers thick can be 

made using mechanical methods1. Because of the weak interlayer bonding, foreign 

materials can be inserted into the Van der Waals gap and under appropriate conditions the 

layers can be fbrther separated to f x m  single molecular layers. 

Another interesting fact about MoS2 is that there are two possible Mo 

coordinations when it is bonded with sulf%r atoms. The Mo atom can be in a trigonal 

prismatic site (Fig. 1.2 (a)) or in an octahedral site (Fig. 1.2 ( b ) .  The different 

coordination of the Mo atom leads to different energy band structures which are crucial to 

the electrical and optical properties of the material. 

( 0 )  ( b) 

Fig. 1.2 Coordination miits for MoSI 
(a) trigonal prism (b) octahedron 

So far as we know, crystalline MoS, has three polytypes: lT, 2H and 3R (Fig. 1.3). 

The integer indicates the number of layers per unit cell and T, H, R denote the trigonal, 

hexagonal and rhombohedra1 primitive unit cells respectively. The 2H and 3R stacking 

polytypes are fbund in naturally grown crystals. In both of the 2H and 3R polytypes, h40 

atoms are at the trigonal prism site. The iT polytype is new synthetic material2 in which 

the Mo atom is at a slightly distorted octahedral site with a Asx&aj  superlattice 

structure. 



Fig. 1.3 The structures of the MoS, polytypes 
(a) IT MoS, lAbC1 (b) 2H MoS, IAbA BaB/ (c) 3R MoS, /AbA BcB CaCI 

1.2. Intercalation of MoS, 

Intercalation refers to insertion of foreign species into the host structure. It is 

generally accepted that the tendency of charge to transfer from guest molecules or atoms, 

i.e., intercalants, to the host MoS, is the driving force for intercalation. A variety of 

electron-donating species ranging from Lewis bases to the low ionization energy metals 

have been intercalated into transition metal dichalcogenides with layered structures. 

As for MoS2, the weak bonding between the sulhr across the Van der Waals gap 

provides the possibility of introducing foreign atoms or molecules between the layers. 

Various alkali metals or ions can be inserted into MoS,. The intercalation can drastically 

change the structure of the MoS, and its electronic properties. For example, a 
3 
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semiconductor to metal transition has been observed optically during the intercalation of 

2H-MoS2 with sodium" When 2H-MoS2 is intercalated with lithium, the coordination of 

the Mo atom undergoes a transition from trigonal prism to octahedron%cc~n~~anied by a 

6% expansion of Mo-Mo distances along the basal plane. It has been reported recently 

that the 2H to 1T structure change upon intercalation is also accompanied by a 2%x2%, 

superstructure5. An explanation for this structural transition is that when electrons are 

donated by the guest atoms or ions, the octahedral coordination can bring the system to a 

lower energy level4. 

1.3. Exfoliation of MoS, 

A process in which single molecular layers are formed is called exfoliation. It is an 

important process since it yields "two-dimensional" systems which are interesting from 

both a theoretical and experimental point of view 

The exfoliation of MoS, is the first example of exfoliating semiconducting layered 

compounds6. The process starts from Lithium intercalated MoS,, i.  e.. Li,MoS, (where x 

= 1 ) .  The Li,MoS, is then reacted with water. The reaction produces LiOH (Soluble) and 

hydrogen gas which "blows" the MoS, layers apart Exfoliated MoS, in water suspension 

is in the form of one molecular thick sheets of MoS2 usually referred to as "single-iayer 

MoS,". 

It is reported that the Mo atom in single-layer MoS, also has the octahedral 

coordination, the same as in the lithium intercalated MoS,. In addition, a strong lattice 

distortion is also observed for single layer MoSz through X-ray diEraction studies7 and 

scanning tunneling microscopyx. 
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1.4. Restacking MoS, with foreign species included 

Foreign atoms or molecules can be inserted between the layers of the host 

structure by intercalation. However, the variety of material which can be used as 

intercalant is still quite limited. For example, no report yet shows that organic molecules 

can be inserted between MoS2 layers by intercalation. Exfoliation opens a new route for 

building the so-called nanocomposites, in which different componezts are organized at the 

molecular scale. The single layers obtained through exfoliation are brought into fidI 

contact with the guest materials desired to be included and as the layers are allowed to 

stack up the guest atoms are thus trapped between the layers inside the resulting structure. 

One technique for restacking MoS, with organic material is the spreading film 

method9. In this method, a single-layer MoS, water suspension of appropriate 

concentration and a water-immiscible organic liquid are introduced into the same 

container. After the mixture is shaken together in the container, the MoS, single layers 

leave the water and collect at the water-organic interface. Also, the collected layers will 

spontaneously spread up the walls of a glass container. If a wetted glass slide, rod or 

tube is dipped in, the collected layers will spread along the surfaces. Thus, a thin uniform 

film can be formed on the glass substrate. The film is found to be highly oriented with the 

basal plane of MoS, layers aligned parallel to the surface of the substrate. 

A range of organic materials, such as benzene, styrene, tetrachloroethylene, etc., 

have been inserted between MoS, layers using the spreading film method. Some solid 

materials at room temperature, for example, ferrocene, can also be included by first being 

dissolved in an organic solvent and then applying the spreading film method. The basic 

structure of the resuiting film is the same, namely a stack of parallel MoS, sheets with one 

or two molecular layers of guest molecuies between MoS, layers (Fig. 1.4). The distance 

between the MoS, layers thus can range from 6.2A ( the interlayer distance for the MoS, 



crystal) to as big as 56.8A ( for MoS,-stearamide) depending on the molecular size of the 

inserted species. 

Besides the spreading film method, there are other ways to construct layer type 

complexes from single-layer MoS2. Recently, some organic polymers, such as polyaniline, 

poly-ethylene-oxide, etc., have been encapsulated into MOS~"'. The addition of these 

polymer solutions to the single-layer MoS, water suspension causes flocculation during 

which the polymer chains are bound between the MoS, layers. The flocculation method 

has also been used to include metal atoms between MoSi layersN utilizing the fact the 

MoSz single layers tend to restack in a low pH environment. 

There is rising interest in the organic inclusion compounds of MoS, since such 

organiclinorganic combinations have some potential for a wide range characteristics which 

come from both organic and inorganic components. There has been much work done on 

the structure study of the new composites. However, most of the work that has been 

done concerns the interlayer spacing of the host MoS, because such studies provide 

straightforward information about whether or not the attempt of including the guest 

species was successfid. 

The study of MoS, basal 

plane coordination 

structure has not yet been 

electronic and optical 

performance of the 

Fig. 1.4. Thc structurc of organic inclusion MoS, systctn composites. 
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1.5. The contribution of the thesis 

In this project, we studied MoS, with an organic material - Tetrachloroethylene 

(TCE) included between the layers. TCE is chosen since it is a water immiscible organic 

liquid for which the spreading film technique is readily applicable. Also, TCE is 

transparent. This makes it easier to investigate the optical properties of the MoS, 

component. Moreover, the planar shape of the TCE molecule is useful in determining the 

molecular orientation. 

The intent throughout the whole study was to elucidate the relation between the 

MoSz basal plane structure and the presence of the organic material. For this purpose, 

two systems were studied: 

o MoSJTCE-an inclusion system of organic tetrachloroethylene 

(TCE) molecules in restacked single molecular layer MoS,. 

Restacked MokYrthe remaining material after desorption of 

TCE from MoS,ITCE by heating. 

The content of the thesis is arranged according to the techniques used. Chapter 2 

introduces the X-ray diffraction techniques used in the structure study and also some 

important results obtained previously for the single-layer MoS2 system which we will use 

to analyze our experimental result. A review of X-ray powder diffraction theory for two- 

dimensional systems is also included in Chapter 2. Chapter 3 describes making MoSJTCE 

systems using the spreading film method. All the X-ray diffraction studies of MoS,/TCE 

and Restacked MoS, are reported in Chapter 4. Optical and electrical measurements are 

described in Chapter 5 and Chapter 6 gives a brief conclusion of the work. 
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Chapter 2 
X-Ray Diffraction Methods 

for an Assembly of Crystallites 

In this chapter, we intend to accomplish three main tasks The first is to review the 

X-ray diffraction methods which we used in our structure study of the MoS,/TCE system 

The Ewald construction will be used throughout the whole introduction of the X-ray 

diffraction theory. Hopefully this approach will provide a basic understanding of the X- 

ray diffraction patterns obtained from the experiments without involving detailed 

calculation. The second task to be accomplished is to introduce the apparatus used in our 

experiments. The Philips Diffractometer and The Siemens D5000 010 Diffractometer will 

be described only briefly since they are conventional instruments for structure study. 

However, the sample holder for X-ray transmission measurement will be explained in 

more detail, because it  was designed particularly for our project. Finally, we are going to 

review some important results concerning X-ray powder diffraction for the single-layer 

MoS, system. 

2.1. Bragg's Law. Ewald construction for three-dimensional 

Crystals 

Since the typical inter-atomic distances in a solid are on the order of an angstrom 

and common X-rays have a wavelength of 1A to 2.4 X-ray diffraction emerges as a 

powerfd method for investigating the periodic structure of crystalline materials. 

The structure of all crystals can be described in terms of a lattice'? The lattice is 

defined by three fundamental translation vectors a,, a,, a, . such that th? atomic 
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arrangement looks the same in every respect when viewed from the point r as when 

viewed from the point 

r' = r + u p ,  + u,a, + u,a3 (2.1) 

where u,, u,, uj are arbitrary integers. The set of points r' defined by (2.1) for all u,, u,, u, 

defines a lattice. A lattice is a regular periodic array of points in space. The lattice point 

represents a group of atoms, a structural unit. Therefore a lattice represents a crystal 

structure which is a repetition of single structural unit. When the structural unit is chosen 

to be the smallest possible, a,, a, and a, are called the primitive vectors, and the 

corresponding lattice is called the Bravais lattice. 

The X-ray diffraction method is based on the constructive interference of X-rays. 

In Fig.2.1, a section of a crystal is shown. We can imagine that the lattice points are 

arranged on a set of parallel planes called lattice planes. When the incident X-rays strike 

the lattice points with an angle 8 to the planes, they will be scattered in all directions. 

However, if we look at the lattice points on the same plane, for example point A and point 

B, only when the scattered beams make the same angle 8 with the lattice plane, as shown 

in the figure, will the path lengths between the wavefronts shown be equal for different 

lattice points. Under such conditions they are in phase and constructively interfere. Rays 
'.. 
'\.. /' 

which strike lattice points on adjacent .,, ~ . .~ ,./ ,., 

--.-.., l.. ,,, -,' ,/ 
.~., / planes have a different length of path. '., .. ,/ /, , / 

/' .'\,\ ' >.. ,, 

...< ,/" ,./ ,.\ 
./' 

1'' ,/' 
If the distance between the two lattice .-.., \ .,. -'- , ,/' 

/ 
./" 

. j. */' J .  - .  ,,w, A 

t '  ~- 

*. . ~ .  . LO . * ~ ;,g*~' 
planes is d', the difference of path length '.,. \, A ,,~> ' 1 t 3  % ,, / 

A ' ,, .. , I \ .," 
<, ",, , ?' 

is 2d'sine. Therefore the condition for L a 0 er\> &j B , e 

them to be in phase and constructively 

Fig.2.1 Diffraction of X-rays by a crystal lattice 
length be equal to a whole number n of 
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X-ray wavelengths, h, i. e., 

For convenience, we set d = dl/n and the equation can be rewritten as 

Equation (2.2) and (2.3) are both called the Bragg equation. 

The phenomenon by which a large number of scattered rays can mutually reinforce 

each other is called diffraction. The Bragg equation states the essential condition which 

must be met if diffraction is to occur 

A lattice plane is defined to he any plane containing at least three non-collinear 

Bravais lattice points. Each set of lattice planes is a group of parallel planes with equal 

distance between them. A vector K,, is introduced to describe the set of lattice planes. 

With the chosen primitive vectors a,, a,, a; , the reciprocal lattice can be generated by 

using the basis vectors: 

and K,,, = hb,+kb,+lb,. - ~ 

The magnitude of the vector K,,, is the reciprocal of the 

interplane distance d, ie. .  I K,, i = l id  K,,, is perpendicular to the set of lattice planes 

diffraction pattern will be labeled the (MI) 
Fig.2.2 Scattering \.ec!.or 

peak or the (hkl) line, etc. 

tvhich it is describing The components d/ A -  

of K,,, in reciprocal space. h, k, I,  can be 

used to index the lattice planes The 

5 t '.. 

a .. 
- 

6 I 

* ( 1  

- - - - - - - -- 

beam difTiiacted by the set of planes will 
1 

1\1 , - .1  be called the (hkl) beam and the peak 

related to this beam in the X-ray 
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if so and s are vectors in the direction of the incident beam and the diffracted beam 

respectively, each with magnitude of llh, then the vector S = s - s, is called the scattering 

vector. 

In terms of K, and scattering vector S, the Bragg law can be rewritten as: 

K, = S (2.5) 

The fact that K,, is along the same direction as S means that the scattering vector S is 

perpendicular to the set of lattice planes which "reflect" the X-ray beam and that the 

incident angle 0 is just half of the total angle by which the incident beam is deflected. The 

fact that the magnitude of K,, is equal to S means: 

1 S ( = 2(l/h)Sin0 = 1 K,, 1 = lid, (2 .6)  

i.e. h = 2dSin0. 

This is just the Bragg equation (2.3). 

The Bragg law can be illustrated by the construction of the Ewald sphere. The 

reciprocal lattice is represented schematically by the dots in Fig.2.3. so is drawn along the 

direction of the incident X-ray beam and terminates at the origin of the reciprocal lattice. 

Ewald ~ p t l e r - c  A sphere of radius lih is centered at the 

0 q e ,:----.., 1.. 
initial end of so and passes through the 

i 
\ 

,/ origin, since the length of so is Ilk. The 
' ( hkl  ) 

sphere is called the Ewald sphere or the 

1 
I sphere of reflection. Any reciprocal lattice 

e -- 

point (h, t, I) which happens to fall on the 
\ 

\ 
\ e 

surface of the Ewald sphere corresponds 
\\ 
\ 0 
'.. , /' to the reciprocal vector K,, which 
'U 

B 0 e represents a set of planes (hkl) for which 

Fig.2.3 Construction of Ewald sphere the Bragg law is satisfied. s starts from 
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the center ofthe sphere and temiiiaies at the point hkl, so the scatterkg vector J = s - s,, 

- 
- K The angle between s and s, is 28, twice the Bragg angle. 

2.2. Ewald construetion for two-dimensional systems 

A one-dimensional system may be defined as a structure which only has periodicity 

in one direction. Similarly, a two-dimensional system may be defined as a structure which 

has periodicity in two directions only. A linear chain is an example of a one-dimensionai 

system and a single layer of MoS, is a good example of a two-dimensional system 

The Ewald construction can 

be done for a two-dimensional 

system. First, we shall look at the 

reciprocal lattice for the two- 

dimensional systems. Fig. 2.3 

demonstrates, with a tetragonal 

lattice as an example, how a three- 

dimensional system degenerates to 

a two-dimensional system. 

Fig.2.4(a) shows a simple 

cubic lattice with a, = a = a; = a. 

The corresponding reciprocal 

lattice is also a simple cubic and b; 

= 5, = b, = l/a. In Fig.2.4 jb), the 

!attice vecter is stretched, so a; > 

a = . This change shows in the 

reciprocal lattice with b2 < b, = b?. 

rea! space r eci procal space 

Fig.Z.4 The comparison of the Bra~ais lattice and reciprocal 
lattice for three-dimensional 

and twodimensional periodic structures 
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Fig.2.4 (c) is the extreme case of Fig.2.4 (b) for %--+ a. This is a 'lattice tviih periodicity 

in only two directions, i. e., a two-dimensional lattice. The corresponding reciprocal 

lattice will become a lattice with b, -+ 0. That is, the reciprocal lattice becomes a series of 

lines parallel to each other. For finite sized 2-dimensional layers, the reciprocal lattice is a 

series of parallel "rods" rather than lines. The smaller size the crystal is, i.e., the fewer unit 

cell each single crystal contains, the thicker the reciprocal rods become. 

The construction of the Ewald sphere starts from the reciprocal lattice of the tws- 

dimensional system (Fig.2.5). so is along the direction of the incident X-ray beam and 

terminates at the origin 0 on the reciprocal rod (00). The Ewald sphere which has the 

radius llh is centered at the initial end of so and passes through the origin 0. Bragg's law 

is satisfied at all positions where the Ewald sphere intersects a reciprocal rod. 

There are (hkO) lines but no (hkl) (h or k # 0 and 1 ;t 0) or (001) lines in the 

diffraction pattern for a two-dimensional 

direction. 

system since there is no periodicity along the a, 

rec ip roca l  rod 

, 
R 

E ~ l d  sphere  

Fig.2.5 Ewald construction for a two-dimensional system 
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4a. J 2.3, Powder m e t l ~ o ~  

In the powder method, the crystal to be examined is reduced to a very fine powder 

and placed in a beam of monochromatic X-rays. Each particle of the powder is a tiny 

crystal, or assemblage of smaller crystals, oriented at random with respect to the incident 

beam. This random orientation of the crystal powder corresponds to the random rotation 

of the reciprocal lattice around its origin. For any given diffracted beam direction, S = s - 

so is given. We may consider the reciprocal lattice to be fixed and let S rotate randomly 

around the origin of the reciprocal lattice. The tip of the vector S traces out a spherical 

surface S (Fig.2.6). Since the tip of the vector S is on the Ewald sphere, any reciprocal 

lattice point which falls on the surface S should satisfy the Bragg condition. That is, the 

intensity of the diffracted beam reaches its peak value at the given direction. As we can 

see here, the random orientation of the sample powder determines that the satisfaction of 

the Bragg condition only depends on the magnitude of the scattering vector S, i. e., the 

radius of sphere S. Therefore, any reciprocal lattice point associated with a scattering 

vector S of magnitude within the measurement range should appear as a peak referred to 

as (hkl) line in the diffraction pattern. 

In this project, the Philips diffractometer equipped with a Type 150 100 00 Wide 

Range Goniometer using nickel-filtered 

Cu K,, radiation was used for X-ray 
0 

powder diffraction measurement. The 

main features of the Philips diffractometer 

i are shown in Fig.2.7. A is the 

monochromatic incident X-ray beam 

coming from the source X-ray tube T. 
Fig.2.6 Powder difiaction represented in the 

reciprocal space The sample is mounted on the sample 

14 
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/---- 1 
/ 1.. 

holder h4 which can rotate around the axis 0 

"" \ 0 perpendicular to the paper. D is an X-ray 
/q D 

/ A / '  detector which can move along the circle 
1 

centered at 0. Generally, OD rotates twice 

as fast as the sample holder M so that the 

',, I 

\ angle between beam A and the holder is 
\\\ 

\... .. /" 

-- -- --/- 
equal to the angle between beam A', which 

is detected by the detector D, and the sample 

holder. This angle 0 changes when the 

Fig 2.7 Schematic drawing detector and the sample holder rotate around 
diffractometa 

0. When the Bragg condition is satisfied, 

the detector receives a high intensity X-ray signal. This is shown as a peak in the X-ray 

pattern which shows the relation between the angle 8 and X-ray intensity. From the peak 

position, i.e. the value of 0, we can calculate the lattice plane spacing of the sample by 

using the Bragg equation (2.1). 

The X-ray diffraction irLnsity 
'-. 

versus 20 pattern for three-dimensional 

crystal powder appears as a series of ,/ . 
/ ,' 

2~1118 / 
P 

sharp peaks. However, if the powder is /' - a ,' i , 
of random oriented two-dimensional / 

o i  
\ 

i I 
crystallites, the situation changes, as we 

see from the Ewald construction '\ / 

"... , 
'-.--_ . _- /-.' /' 

(Fig.2.8). The reciprocal lattice for two- , / 

/' 
dimensional systems is a set of parallel 

Fig.2.8 Powder diffraction for two-dimensional 
rods. A sphere S with radius 2SinWh is systems represented in reciprocal lattice space 



centered at the origin of the reciprocal iattice. This sphere S corresponds to some 0. The 

X-ray intensity at the given 8 depends on the intersection of the sphere S and the 

reciprocal rod, say, (hk) rod. When 0 is increasing, the sphere is expanding. After the 

sphere touches the rod, the X-ray intensity starts to increase. When the sphere expands to 

a certain point beyond the center of the rod, the intersection between the sphere S and the 

(hk) rod reaches its maximum and the X-ray intensity reaches its maximum value. The 

sphere S continues to expand and the intersection becomes smaller but never reaches zero 

since the reciprocal rods extend infinitely. The X-ray powder diffraction pattern for two- 

dimensional system appears as a peak which sharply increases on low angle side and 

slowly decreases on the high angle side. The peak shape largely depends on the scattering 

factors since they determine the "intensity" distribution of the reciprocal rod. 

An extensive study of the X-ray powder diffraction pattern for two-dimensional 

MoS, (single-layer MoSz system) has been completed by Datong k'ang, et al. Fig.2.9 is 

extracted from the Ph.D. thesis of D. Yang. It is a comparison of X-ray powder 

difTraction patterns of three-dimensional and two-dimensional MoS, systems. Both curves 

are obtained by direct computer calculation using the Debye formula assuming that the Mo 

coordination is trigonal prism. 
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Fig. 2.9 (Fig. 1. I of thc Ph.D. thcsis of' Dalong Yang. 1993) 
A comparison of X-ray diffraction patterns of threcdin~cnsiot~al, tuo- 
dimensional and one-din~ensional powders. (a) A three-dimensional 2H- 
crystal; crystal s i ~ e :  20x20~20  unit cells. (b) a two-dimensional singk 
!ayer; hycr size: 20x21) unit cclls. (c) A one dimensional hiear array of 20 
atoms. All cuncs were obtained by direct computer calculation using [he 
Debye formula. 



An "oriented" film is an assembly of two-dimensional crystallites in which all basal 

planes are parallel to each other. For an oriented film, X-ray reflection refers to a 

measurement setting in which both the incident beam and the diffracted beam are on the 

same side of the film and the X-ray scattering vector S is perpendicular to the film, as 

shown in Fig.2.10. Fig 2.8., which was developed for a t~o-dimensional random powder, 

should be modified to meet the new condition. The condition that the crystailites can onIy 

rotate on the substrate surface provides a restriction, in that the scattering vector S must 

always be perpendicular to the basal planes of these crystallites and therehre parallel to 

the correspondent reciprocal rod (hk). Under such restriction, the sphere S degenerates to 

only two points on the (00) rod (Fig.:! 1 1 ) .  These are the only places at which Bragg 

conditions can be satisfied Therefore, there are no (hkl)  lines shown in the X-ray 

diRrastion pattern. However, if the basal planes are evenly spaced, the X-ray pattern will 

have sharp (001) peaks which reflect the spacing d between the basal planes. 

The Philips diffractorneter was used for X-ray reflection of oriented MoS, films in 

Fig. 2.10 X-ray rcflcctiorl from an oriented 
film. 

Thc scatkring vector S is pcrpcndicular lo 
the bnsni pla~res Fig. 2. i t Reciprocal spaoc rcprcsenintion of thc 

rcflcctiorr from an oriented film. 
I n  rcciprocal space, sphere S is dcgciwntcd into two 

points. P,I and P,:, 011 the nsis of the rcciprocal rod (00) 
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this project. 

2.5. Transmission from oriented films 

Reflection patterns from MoSz oriented films do not carry any information about 

the structure within tke basal planes. In order to study the basal plane structure, the 

orientation of the films with respect to the X-ray beams has to be changed. The 

measurement setting for transmission from oriented films is such that the incident beam 

and the diffracted beam are on diEerent sides of the sample film, and the scattering vector 

S is along the film. Also, as shown in Fig.2.12, the incident beam and the diffracted beam 

are on a plane perpendicular to the film. Fig 2.13 shows the Ewald construction for the 

transmission from oriented film. Since the scattering vector S is always on a plane parallel 

to the film, i.e., parallel to the basal planes of the crystallites, it is perpendicular to the 

correspondent reciprocal rods. The sphere S which corresponds to random oriented 

crystallites now reduces to a circle C,. At a given 8 or S value, the X-ray intensity for the 

(hkO) peak depends on the intersection of C ,  and the (hk) rod. When increasing 8 

(increasing 1 S I ) ,  the area of intersection follows a sudden increasing-reaching the 

(hk) rod 

F ig2  42 X-ray transmission though an Fig.2. ! 3 Reciprocal space iepiesefitatiiii~ of the 
oriented film. X-ray beams are on a X-ray transmission through an oriented film. 
plane perpendicular lo the film Thc sphere S is dcgencrated into a circle 

perpendicular to the reciprocal rods 
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----A Ti-:- l ~~~~~i rn i r r i - sudder t  decreasing manner I ios IS similar tv the three-dimensionai case The 

X-ray pattern should thus show a series of sharp (hkO) peaks 

The X-ray transmission pattern from an oriented film carries information about the 

basal plane structure which is absent in the reflection pattern This method was used to 

investigate the MoS, basal plane structure o f  oriented MoS,/TCE films and Restacked 

MoSz film 

The Siemens D5000 6/63 Diffractornee was used to perform the X-ray 

transmission experiments in our project The design of the diffractometer is schematically 

shown in Fig 2 14 The diffractometer is generally used for diffraction measurement of a 

powder sample with a flat surface The sample changer of the diffrslcton~eter can hold the 

sample horizontally, and the measurement circle is centered at point 0 on the surface of 

the sample 

The focus of the X-ray tube T, sample H and the detector diaphragm D are on the 

focusing circle The focus of the tube and the detector are also located on the measuring 

circle. They can rotate independently around the center of the measure circle 0 A is an 

F o c u s  
c ~ r c l e  

Measur ing  circle 

Fig.2.14 The schematic drawing of the Siemens 
D5000 O/C3 Diffractomolcr 

aperture diaphragm which is set 

between the X-ray tube and sample 

which delimits the irradiated sample 

area. The aperture diaphragm rotates 

around 0 together with the tube. S is 

the scattered radiation diaphragm which 

is used ti3 suppress the undesired 

scattered radiation. It  is aligned with 

the detector diaphragm D and the 

detector. 

20 



Fig. 2.15 shows the basic features of the sample changer where (a) is the front 

view of the sample changer and (b) is the top view. SS are three stop screws. The tips of 

these stop screws define the horizontal plane in which the center of the measuring circle 8 

is traced. P is the pressure unit which can hold the sample M tightly against the stop 

screws so that the sample surface passes through the center of the measure circle and is on 

a line tangential to the focus circle. 

I 
Focus ei i c l  e 

There is a 2.7 cm wide gap 

between the two arms A1 and A2 

holding the stop screws. This 

provides a path for the X-rays. 

Incidentally, it also makes it 

possible for us to insert a vertical 

sample in the gap for the 

transmission measurement. 

Since the Siemens 

/ Diffractometer is designed to 

perform reflection measurements 

Fig2 15 The design of the sample changer on 
the Siemens D5000 (YO Diffractomeler 

(a) front view (b) top view 
(proportional drawing) 

from a flat sample surfwe, in order 

to use it to perfbrm X-ray 

transmission, it was necessary to 

present a vertical film which would 

be "transparent" or thin enough to allow the X-rays to pass through it and be received by 

the detector on the other side of the film. To achieve this, the sample film was deposited 

on a thin Kapton (a trade name of a fluorinated golyamide thin film) substrate and a 

specialized holder was designed to hold the substrate vertically in the machine. 
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( a) 

unit : mm 

Fig.Z.16 The design of the snrnplc holder for an 
X-ray transmission esperirnctit 

Fig.2.16 shows the design of the sample holder. The base of the sample holder 

was made by cutting a piece of aluminum plate (50mmx50mn~x6rnm) into a "U" 

shape(Fig.2.16(a)). There is one notch on each arm of the "U" to hold the Kapton clamp. 

The Kapton clamp is a combination of two identical smaller "U" shaped aluminum 

pieces(Fig.2.16(b)). The clamp holding the sample film on Kapton substrate is inserted 

into the notches in the base and is kept perpendicular to the base as shown in 

2 6 c )  Thus the geometry provides a Kapton substrate of size 201mx 15mt-n. 

The sample holder fits in the sample changer of the diffractometer. Fig.2.17(a) 

shows the top view of the fitting and Fig.2.17(b) shows the intersection along LL' line. 

22 



For the difiaction measurement, l o  slits have been chosen for the aperture 

diaphragm A and the scattered radiation diaphragm S. A 0.6mm slit is chosen for the 

detector diaphragm D which 

delimits the area of sample 

studied to a range from 16mmx (a) 

0.5mm to 16mmx0.8mm 

varying depending on the 8 

value. The Siemens D5000 

Fig.2.17 The sample holder in the sanq9e changer 

2.6. Review of X-ray powder diffraction for single layer MoS, 
system 

Fig.2.18 is extracted from the Ph.D. thesis of Datong Yang. This single figure 

serves our need well and the details are contained in the explanation accompanying the 

figure. Here we will add a few extra words about the systems involved in the figure. 

(a), (b) and (c) are all about single layer MoS, systems which are assemblies of 

single molecular layer MoS, flakes. These flakes are oriented in random directions. These 

systems are two-dimensional powder systems. (d) shows data for a three-dimensional 

powder sample in which the MoS, layers have orderly stacking, one on top of another. 

From (b) and (c), we may clearly see that the (200) line shape is closely related to the 

coordination of Mo in MoS, layers. When the Mo is at the octahedral site, the (200) line 

possesses a saw tooth shape. However, if Mo coordination is trigonal prismatic, the (200) 
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Fig.2.18 X-ray reflection patterns of MoS, powder 
(Yang, Datong, Ph.D. Thesis. Figure 6.1) 

(a) Experimental pattern of single layer MoS, suspended in water. The background due to water and 
substrate has been subtracted. 

(b) Calculated pattern of distorted octahedral MoS, single layer. A 2aox2a0 superstructure is 
introduced with a distortion of 0.14. The layer size is 20x20 units. An ao=3.27A was used. 

(c) Calculated pattern of distorted trigonal prismatic MoS, single layer. All parameters are same as 
in (b). 

(d) Esperimental X-ray diffraction pattern of restacked, dried and baked MoS, sample. All (001) 
lines and mixed lines of crystalline 2H-MoS, reappear and the %-spacing shifts back to 3.1614. 
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Preparing the TCE Inclusion System 

of Restacked MoSz 

The process of preparing the TCE (tetrachioroethylene) inclusion system of 

restacked MoS,, i.e., the MoS,/TCE system, may be divided into four steps: intercalation, 

exfoliation, forming a single-layer MoS, and organic mixture and making PYIGS,/TCE films. 

Up to the exfoliation of MoS, to form single-layer MoS? water suspension, we followed 

the procedure which was first introduced by P. Joenson,et a16 To include TCE between 

restacked MoS, layers, we used the technique invented by W. M. R. Divigalpitiya, et a19 . 

Now, we will explain how the process was performed step by step 

Step 1. Intercalation 

One gram of 2H-MoS, powder (from Johnson Matthey Inc.) was weighed and put 

in a glass container. In an argon glove box, the MoS, powder was soaked in 

approximately 50 ml 2.5M rl-h~rtyl lrthmrn solrctiort in hexme at room temperature for at 

least 48 hours (the container was tightly sealed) This process is know as intercalation (or 

lithiation) it results in lithium intercalated MoS1, Li,MoS,, with x ~ l .  The sediment was 

then washed twice with hexane to remove the excess n-butyl lithium After the sediment 

had settled, the liquid was decanted and the sediment was allowed to dry by evaporation 

of hexane. The vial containing lithiated MoS, was sealed and removed from the glove 

box. 

Step 2, Exfdiation 

The lithiated MoS, in the sealed via! was then placed under flowing distikd water 

and the cover was removed to let about 150ml of water in. A violerit bubbling was 

observed. The container was then ultrasonicated for about I S  minutes and was shaken 
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occasiodly during the u!tmonica:ing. Agifiifiog helps the 1iihii.rieG P-oS2 react with 

water to form hydrogen gas between MoS, layers. It is assumed that the expansion of this 

gas tends to help separate the layers of the crystal and allow water molecules to seep 

between the layers. A structure in which the MoS, layers are stacked turbostratically with 

two layers of water included between them is obtained up to this point13. The mixture was 

then centrifuged and decanted. The washing and centrifuging process was repeated three 

or h u r  times to reduce the pH value, and a suspension of single-molecular-layer MoS, 

sheets in water was obtained. 

The intercalation and exfoliation process is illustrated in Fig.3.1n . 

Fig.B.l The preparation of single-molecular-layer MoS, 

Step 3. Forming single-layer MoS, and organic mixture 

The single-molecular-layer MoS, water suspension was diluted with distilled water 

to approximately 3 mg/cc. Then, 10 ml to 15 ml of such suspension was introduced into a 

90 mi wide-mouth via1 (the giass wail ofthe vial was wetted by shaking the liquid inside). 

A suitable amount of Tetrachloroethylene liquid was carefblly added into the container 

dong the glass wall. The container was sealed. The mixture was then well circulated by 



shaking or magnetic stirring in order to bring a good contact between MoS, layers and 

TCE molecules. After sufficient circulation, the suspension was allowed to settle and a 

stable interface to form between the more dense TCE and less dense water. Some dark 

gray clusters accumulated on the water1TCE interface and, meanwhile, a very uniform thin 

film of MoSJTCE could be observed climbing up along the glass wall of the container. (If 

the concentration of single-molecular-layer MoS2 water suspension was as low as 

1.5mdcc and the volume of TCE added is equal to that of the single-molecular-layer 

MoS, water suspension, after circulation had ceased and the system had settled all the 

MoS, layers would gather at the waterlTCE interface, the upper surface of the water 

phase and the glass wall of the container. The water appeared to be clear ) The system of 

the single-molecular-layer hgos, water suspension and liquid TCE at this stage is referred 

to as a "MoS-TCE two phase system". 

Step 4. Making MoS2/TCE film 

MoS,/TCE films used for measurement were obtained in two different ways. 

The first method is the so-called spreading film technique. Here a wet glass slide was 

dipped into the glass vial containing the MoS,-TCE two phase system. The container was 

then sealed and shaken. When the liquid mixture settled, a uniform film spread up along 

the glass wall and the glass slide In a couple of minutes, the glass slide was ready for 

withdrawal from the container. The film was allowed to dry naturally in the air. In this 

way, a uniform MoS,/TCE film with 2.5 cm x 2 5 cm area was obtained. By repeating the 

same process, tens of such films could be made from the same MoS,-TCE two phase 

system. A good shaking and long settling (overnight) is the key for successhl film 

spreading at a later time. The process of forming the MoS,-TCE two phase system and 

spreading film is shown in Fig.3.2. The MoS2/TCE film obtained in this particular way 

will be referred to as a "spread film" throughout the latter part of the thesis. 
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I ntroduce glass s l  I d e  
and shake 

TCE \ MoS,-TCE Two Phase system 

Single-layer MoS, watdr suspension 

Fig.3.2 Spreading MoS, film 

Another method used to make the MoS2/TCE film was to draw some material 

from the interface of the MoS2-TCE two phase system and then drop the material onto a 

flat substrate such as glass slide or sapphire plate. Drying of the material in air results in 

formation of a MoS,/TCE film on the surface of the substrate. The MoS2/TCE film 

obtained with this method will be referred to as "dropped film". 
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Chapter 4 
Using X-Ray Diffraction Methods to Study 

the Structure of MoS,/TCE 
and Restacked MoS, 

4.1. X-ray reflection of MoS,/TCE and Restacked MoS, films 

4. '1.1. Sample p r e p  ra tion 

Three systems have been studied using X-ray reflection. They are MoS,/TCE, 

Restacked MoS2 and a system with a mixed phase of MoSJTCE and Restacked MoS,. 

The results for one sample of about ten from each kind of system are reported here. The 

samples are labeled as R# I .  R#2 and R#3. 

R#l is a MoS,ITCE spread film prepared using the method described in Chapter 3. 

The thickness of the film was measured using a polarization interferometer. It is between 

300A and 500A. The film was deposited on a glass slide. 

R#2 was obtained by heating a MoS,!TCE spread film (same as R#l) at 250•‹C for 

17 hours in a vacuum environment 

R#3 was obtained by heating a MoS,/TCE spread film (same as R# I )  at 1 OO•‹C for 

47 hours in a vacuum environment. 

4.1.2. X-ray results and discussion 

Fig.4.1 shows the X-ray reflection patterns for the three systems. For convenience 

in reading, the lines are off-set along the intensity axis. 



Fig.l.1 X-ray reflection patterns for oriented films 
Sample R#l: a MoS,/TCE film 

a Sample R#2: a Restackcd MoS, film 
Samole R#3: a film with mixed ohase of MoS,/TCE and Restacked MoS, 

In all three curves, only (001) lines appear. This indicates that all three systems are 

oriented films, with MoSz basal planes lying parallel to the surface of the glass substrate 

and therefore perpendicular to the scattering vector S. 

For the MoS2/TCE system (R#l), the positions of (OOI), (002), (004) and (005) 

correspond to an interlayer spacing of 10.02A. This is a 60% expansion from the 

interlayer spacing of 6.17A for the original 2H-MoS2 crystals . To investigate what this 



expansion means In relation to rhi: molecular dimensions of TC'E, a review of the 

molecular structure of TCE mizht be useful 

Table 4.1 Tntramolecular parameters 
of tetrachloroet hyIene (TCE) 

Fig.4.2 Thc slruclurc of 
Iclracl~ioroclhj lcnc (TCE) 

d (C-CI) 
d (C C1) 

d (C1 ... Cl),cis 
d (CI.. .Cl).cis 

Tetrachloroethylene (TC'E) is a near planar molecule consisting of two carbon 

atoms and four chlorine atoms, as shoccn in Fig 4 2 The intramolecular parameters for 

liquid TCE are elucidated by neutron diffiactioni" and are listed in table 4 I Assuming 

that the chlorine atom has the same radius as the chlorine ion (CI-) which is I $ 1  t i ,  we 

estimate the size of a TCE molecule to be 6 6 5 t\ 3 6 i i  

The 3 85A expansion of the interlayer spacing leaves enough room for one layer of 

TCE molecules to lie "flat" between MoS, layers 

For the Kestacked hloS, system (R#2). the (001) peak position shows an interlayer 

spacing of 6 ??A i t  is close to the value few the original MoS, crystal This indicates a 

complete desorption of TCE from the system 

Curve R#3 shows a mixed phase in the process of transferring from MoSJTCE 

back to the Restacked MoS, structure Two interlayer spacings co-exist in  such a mixture 

The intensities of the lines related to MoS,/TCE decrease while the intensities of the lines 

related to the Restacked MoS, increase upon further desorption of TCE 

32 

1.706A 
2.687A 
2.90 I a 
3.169A 
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The X-ray reflection is easy to perform and it carries clear information about the 

sample status. We used it on a regular basis to distinguish between MoS,/TCE and the 

Restacked MoS, . However, for oriented films, the X-ray reflection does not provide any 

hint about the MoS, intralayer structure. This is when the X-ray transmission experiments 

come into play. 

4.1.3, TCE concentration in MoS&/TCE by weight measurement 

The weight ratio of TCE to MoS2/TCE was measured using an electronic balance, 

First, some MoSJTCE powder was examined using X-ray powder diffraction method and 

weighed, which was found to be 0.170 gram. The MoS,/TCE powder was then baked in a 

vacuum oven at 250•‹C and weighed again. The weight of the baked material was 0.155 

gram. Another X-ray difiaction measurement was followed to confirm that the baked 

material was Restacked MoS,. The experimental data shows the weight percentage of 

TCE in MoS2/TCE to be 8.8% assuming that there was no MoS2 oxidized during heating. 

The radio of the number of TCE molecules to the number of MoSz molecules in 

MoS,/TCE can also be calculated: 

4 

TCE mmol (TCI? ) 
z 1:10.7, 

NMoS2 M M a F 2  m ~ l ( M u S 2 )  

MTCX - - 0.015g where - ' m m , , ~ , ,  = 166g and m m o ,  ( M t d  2) = l6Og. Therefore, 
M ~ a  2 0.170g - 0.015g 

in the MoS,/TCE system, about every eleven MoS, molecules can accommodate one TCE 

molecules. 

Fig.4.3 provides us a rough idea about this situation by showing how nine 

molecules accommodate one TCE molecule along the MoS, basal plane. Obviously, there 

is no tight bonding between TCE molecules. 



Fig.4.3 A schematic draving to shon hou n m  
MoS, riiolccules acconlmodatc onc TCE molccuic 

4.2. X-ray transmission of MoS,/TCE and Restacked MoS, 

films 

4.2.1. Sample preparation 

In X-ray transmission experiments. the X-ray beam reaching the detector has to 

penetrate through both the saniple film and the substrate The intensity of the beam is 

weakened by the absorption To reach an optimum si~nal to noise ratio, we need to 

control two factors. the thickness of the sample film and the choice of a substrate. In 

general, the sample film should be thick enough to provide enough signal and both the 

sample and the substrate should not be too thick, otherwise a serious absorption would be 

introduced. 

Kapton was chosen as the substrate It is a rigid and thin film which can hold the 

MoS,/TCE or Restacked MoS, film in a p!ane and al!ow r, good X-ray penetration. It is 

also high temperature resistant which made the heat treatment of the sample more 

convenient. Kapton also has a low background in the difiaction patterns. 
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A spread film of MoSJTCE such as R#l in the previous section is 300A to SOOA 

thick. It is far too thin for an X-ray transmission experiment. To build a thicker sample 

film, we used the film transfer method which was first suggested by Divigalpitiya et al. 

The procedure is shown in Fig.4.4. The MoS2/TCE spread film was released from the 

glass substrate onto the surface of distilled water by slowly immersing the glass slide in the 

water. Then, the film was picked up with a new substrate, the Kapton film. In this 

process, a piece of microscope cover glass was used to support the Kapton substrate. 

After the water on the film evaporated naturally, the procedure was repeated until a 

hloS,ITCE film of desired thickness was obtained. The optimum thickness of the 

MoS,/TCE fiim fbr the X-ray transmission measurement is around 1 micron. 

The X-ray transmission pattern for two samples,T#l and T#2, are presented here: 

T#l is a MoS,/TCE film. The sample is made of a stack of 30 MoS,ITCE spread 

films, making it around a micron thick. 

T#2 is obtained by heating T#l at 240•‹C for 5 hours in a vacuum environment. 

Heating helps extract the TCE molecules from the structure. The X-ray reflection 

experiment shows that T#2 is a Restacked MoS, system 

distilled water \ 

glass sl ide 

MoS,/TCE f i lm  

new substrote 

Fig.4.4 Tr'msfer of the MoS,/TCE films to a Kapton substrate 
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For a reference an X-ray transmission experiment was also performed for 2H- 

MoS, crystal powder held on a Kapton substrate with the same holder and under the same 

measurement condition as for the film samples. 

4.2.2. Results and Discussion 

The X-ray transmission patterns for sample T#l and sample T#2 are shown in Fig 

4.5. The two vertical lines mark the (100) and ( 1  10) peak positions for 2H-MoS, crystal 

powder. The background has been subtracted from the pattern 

Fig.4.5 S-ra) transmission pattcrns for oricrlrcd films 
Samplc T# I : a MoSJTCE fib 
Samplc T#2: a Rcsiackd MoSz film 
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From the pattern for T#l ( a MoSJTCE system), an expanded a-spacing and a 

superlattice structure are observed. The (200) peak and the (220) peak, which correspond 

to the (100) and (1 10) peaks for the 2H-MoS, crystal respectively, shift to the low angle 

side. From the (hits) peak position, the a-spacing can be calculated. The average value 

obtained from (200), (210), (300) and (220) peak positions is 3.24W. It is a 2.5% 

expansion from the original crystal a-spacing of 3.16A. The (1 OO), (2 10) and (300) peaks 

which appear in the X-ray transmission pattern for T#i didn't appear in the X-ray powder 

diffraction pattern for 2H-MoS2 crystal. They are superlattice peaks related to a 2aox2ao 

superlattice structure. This basal plane expansion accompanied with a lattice distortion is 

an important signature of the octahedrally coordinated MoS, which has been observed in 

Li-intercalated MOS?' and single-layer MOS? . Therefore, from the X-ray transmission 

pattern for MoS2/TCE, we may infer that the Mo atoms are in the octahedral coordination 

in MoS,/TCE. 

In the pattern for T#2 (a Restacked MoS,, system), no superlattice peaks are 

observed. The (100) and ( 1  10) peaks are located at the same positions as the ones for the 

original 2H-MoS, powder with an a-spacing of 3.16A. This indicates that the MoS, 

coordination has transferred back to the trigonal prism upon desorption of TCE from the 

structure. 

As we have mentioned in section 2.5, the X-ray transmission pattern for a pedectly 

oriented film should only contain (hkO) peaks. Neither (001) peaks nor mixed (hkl) peaks 

should show up in the ideal case. However, in our X-ray transmission pattern for 

MoSJTCE and Restacked MoS, films, some (001) and (hkl) lines showed up as small 

peaks. This indicates that there was a small portion of material in our sample not oriented 

in the same direction as the majority of the sample. 
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4.3. X-ray reflection on MoS,/TCE and Restacked MoS, 

"powder" samples 

The purpose of performing X-ray diffraction on powder samples of both 

MoS2/TCE and Restacked MoS, systems was to investigate whether the MoS, layers are 

turbostratically stacked or stacked with order between layers . The idea is that if the 

stacking is ordered, then the resulting system is a three-dimensional system and the mixed 

(hkl) lines should appear in the X-ray powder diffraction pattern. 

4.3.1. Sample preparation 

The results which are reported in the thesis are from two samples. P#l and P#2. 

The preparation procedures were. 

For P# 1 .  Material deposited as h4oS,/TCE spread films was scraped off the glass 

slides The coljected material was then pressed onto the frosted end of a glass slide. This 

process may result in a powder sample with some degree of preferred orientation, 

although ideally a sample with perfect random oriented powder is desired. 

P#2. Sample P# I was heated at 250•‹C for 9 hours in a vacuum environment. 

4.3.2. Results and discussion 

The X-ray diffraction pattern for P#l and P#3 are shown in Fig.4.6. The vertical 

lines mark the (100) and (1 10) peak positions for 3H-MoS, powder. The following 

concl~~sions can be drawn from the X-ray diffraction patterns. 

I .  The layers are turbostraticaliy stacked within the MoS,/TCE system. This is 

indicated by the fact that there are not any (hkl) mixed lines being observed in the X-ray 

diffraction pattern for sample P#l. In the X-ray pattern for Restacked MoS, powder 

(P#2), the mixed lines (103) and (105) appear. This means that there is some ordered 
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Fig.4.6 X-ray reflection patterns for "powder" samples 
Sample P# 1 : MoS,/TCE powder 
Sample P#2: Restacked MoS, powder 

stacking of layers upon desorption of TCE. The observed (100) to ( I  03) line intensity 

ratio is about 1 :  I which differs from that of the 2H- MoS2 powder. This may due to a 

mixed 2H and 3R type stackingI5. 

2. For MoSJTCE, the (200) and (220) peaks shift to low angle from the dotted 

lines which indicates an expanded a-spacing for MoS JTCE in comparison with that of the 

2H-MoS, crystal. This expanded a-spacing is 3.25A. It is calculated by averaging over 

the va!ue obtiiined &om (200j, (2101, (300) aiid (220) peak positions. The expanded a- 

spacing was also observed from X-ray transmission experiment. For the Restacked MoS,, 

the data from P#2 shows that the a-spacing of 3.16A for the 2H-MoS, crystal is restored. 

39 



Chapter I 

3 .  For the MoSJTCE system, the (200) peak has a sawtooth shape. This shows 

that Mo atoms are at the octahedral site in MoS,/TCE. 

The superlattice peaks we observed in X-ray transmission patterns for the 

MoS,/TCE films are not obvious here. This is due to the present strong (005) peak which 

is positioned between the expected (2 10) and (300) superlattice peaks. 

4.4. Calculating the electron density distribution from the X- 

ray reflection pattern of the MoSJTCE oriented film 

The structure factor FX is a concept frequently used in X-ray diffraction analysis. 

It is a quantity proportional to the X-ray scattering amplitude and thus directly related to 

the measured X-ray intensity. 

The structure factor FbA: is defined as an integral over a single unit cell: 

Fhrl = [fi p (x.Y,z) elnlih---!/, dv (4.2) 
Y 

where V is over the volume of a unit cell, x, y, z are fractional coordinations and p(x,y,z) 

is the electron density. From Equation (4.3). we can see that the structure factor Fhi;, is 

actually a Fourier coefficient of p(s,y,z)'k'" that is, 

The electron density distribution along one direction: 
1 - r  

where L is the length of a unit ceU along the considered direction. 

For a centrosymmetric structure, p (z) = p (-z). Therefore, 



= 2 1; p (z) cos (2x1~) dz 
0 

is a real number. Moreover, if in the unit cell there is a heavy atom which possesses most 

of the electrons in the unit cell and which is located at z = 0, then the structure factor Fool 

is also positive. Thus, from Equation (4.4), 

where C and D are constant. 

The relation between the structure factor 

(hkl) line at the Bragg angle 0 is as  follow^'^, 
: z  1 + c 0 s 2 ( 2 8 )  

Ihrf = K p / FM I e-2M 
sin 8 cos 8 

FM and the X-ray intensity Ihkl of the 

(4 a 

where the multiplicity factor p is equal to 2 for all (001) lines, 1+ cos"28) = P(8) is the 

polarization factor and (l/sin0)(llcos0) = L(8) is the Lorentz factor. e-2" is the 

temperature factor, where R4 = B   ine elk)^ and B is an adjustable parameter related to the 

magnitude of vibration. For an inorganic single crystal, B is normally between 2.5 and 3.5 

and for an organic solid, B can be well beyond 10. The term K is a constant for any given 

set of measurements. 

Equation (4.6) can be used to calculate the structure factor, 

where F'M~ is a relative structure factor. Directly following Equation (4 .9 ,  we get, 

where p' (2) is a relative eiectron density distribution. 

To calculate the electron density distribution along the c direction of MoS,/TCE 

system, each Mo sheet, S sheet or TCE layer may be treated as a dot on a linear chain 

4 1 
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along the c direction. This system is assumed centrosymmetric and Mo is the heavy atom 

in the unit cell, so Equation (4.7) is applicable. 

Fig.4.7 is the X-ray difiaction pattern of the MoS2/TCE oriented film. Imtjl can be 

obtained by measuring the area under each intensity peak. Table 4.2 lists the measured loo, 

values, 0 values and the calculated / F '~ ) J  I values for B=0 and B=7 We have determired 

the relative electron density distribution p'(z) using equation (4.7) for any chosen z %:?:rti- 

with the approximation of taking only the first 8 terms of the sum using the peaks 

observed in Fig.4.7. The relative electron density p' versus z in a single unit cell along the 

c direction is shown in Fig.4.8. 

Fig.l.7 X-ray reflection patterns of an MoS,/TCE oriented film 
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0.3 0.4 0.5 0.6 0.7 

Position in the unit cell (dc)  

Fig.4.8 The relative electron density distribution along the c direction of an 
MoS,/TCE film 
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The electron density distribution curve confirms that there is a single molecular 

layer of TCE between two adjacent MoS, layers in MoS2/TCE system. 

4.5. Calculating the MoS, basal plane orientation distribution 
of the Restacked MoS, film using the rocking curve 

experiments 
With the Siemens D5000 diffractometer, the angle cp between the incident beam 

and the heam reaching the detector can be fixed and the X-ray tube and detector allowed 

to rotate together on the measuring circle while the sample is stationary (Fig. 4.9). When 

the angle cp is chosen such that the Bragg condition is satisfied for a certain set of lattice 

planes, i.e., <p = n - 2 8 ~ ,  the resulting curve of X-ray intensity versus the angular position 

of the incident beam is called a rocking curve. With the rocking curve method, the 

diffraction angle is fixed, so the length of the scattering vector is a constant. The 

scattering vector S rotates while the 

angle of incident beam to sample 

surface changes. 

For a highly oriented system, 

gR - - , a only perpendicular when the to scattering the set of vector lattice is 
rC . - - .-* 

1 

i * i . 2 - .2~7c - , planes corresponding to the Bragg 
s ~ t t l l p l f ~  angle OH (constant at a particular 

Fig.l.9 X-ray rocking cumc measuremcnl. value throu~h out the measurement 
Fsr a rocking cunlc mcasu:crner,t, the mgle Oetivccn the 
incidcnt beah and the bcam reaching thedctcctor is f i c d  procedure), does the intensity 
LO cp = IT - 2 0 ~  for a certain Bragg angle OH of the samplc. 

reaches its maximum value. The 
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rocking curve for a highly oriented system appears as a peak. The more highly oriented 

the system is, the sharper the peak is. The half width of the peak provides the information 

about the degree of disorientation of that particular set of planes. 

Here, we will use the rocking curve method to investigate the disorientation of the 

MoSz basal planes in a Restacked MoS, film which to a large degree reflects the 

orientation of the MoSdTCE film. The rocking curve measurements were done for both 

2H-MoS, crystal powder and the Restacked MoS, film on the (002) line at 28, = 14.24". 

The experimental setups are identical for both measurements using the Siemens D5000 

diffractometer with a 0 . 5 O  aperture diaphragm, a l o  scattered radiation diaphragm and 

without any detector diaphragm. 

6 (Degree) 

r"ig.4.iO Tnc rocking curve of the 2~-MoS,  random oriented powder. 
The X-ray intensity versus 6 curve (the ragged line) is due to a geometric effect and it can 
be approximated by a Gaussian function (the smooth line). 



Fig.4. I 0 is the rocking curve of 2H-MoS, crystal random oriented powder. 6 is 

the angular deviation of the scattering vector S from the normal of the sample surhce. 

Ideally, the rocking curve for a system of random oriented powder should show a 

constant X-ray intensity. However, the experimental rocking curve for the 2H-MoS, 

powder is not a flat line. The X-ray intensity changes with the changing angular deviation 

6. This is mainly due to the following geometric eft'ect. 

As shown in Fig.4.11. when thc FOU ( , I  W'I r: 

scattering vector S is perpendicular to 

the sample surface, i.e., 6 = 0, the 

sample is on the tangentiai plane of the 

focusing circle of the diffractometer 

The area of the sample within the ~ c - ~ T I I ~ ) !  t 

focused region reaches its maximum, so Fig.4.1 1 .4 geometric effect accompan~ing the rocking 
cun.e measurcnlenis is caused b>- 

the X-ray intensity has the maximum the focus function of the hffracton~eter. 

value. When the scattering vector S rotates away fiom the normal of'the sample surface, 

the sample surface is no longer on the tangential plane of the focusing circle, and the X- 

ray intensity will drop down due to the reduction of the focused sample area. Moreover, 

the asymmetric shape of the intensity curve is due to the changing cross-sections of the X- 

ray beams and a small factor of X-ray absorption. 

A Gaussian approximation can be used to formulate the intensity distribution due 

to the geometric effect. In Fig.4.10, the smooth line on top of the measured rocking curve 

corresponds to the Gaussian function. 
"$2 

Ig = Igoe Q 

where I,, is the maximum X-ray intensity and a, is the half-width of the rocking curve of 

the 2H-MoS, powder. 



The rocking curve for a Restacked MoS, film is shown in Fig.4.12, where 6 is the 

angular deviation of the scattering vector S from the normal of the sample film on the 

glass substrate. 

The rocking curve of the Restacked MoS, film can also be described by Gaussian 

distribution fiinction, 

where D is associated to the background scattering of the glass substrate and a is the half- 

width of the Gaussian curve. 

For the rocking curve of the Restacked MoS, film, the intensity 

6 (Degree) 

is mainly 

Fig.4.12 The rocking curve of the Restacked MoS, film. 
(a) The rocking mnre of the 2H-MoS, random oriented powder. It was used to represent 

the geometric effect; (b) The rocking curve of the Restacked MoS, film. 
(The ragged lines are the experimental data and the smooth lines are the Gaussian 
approsimations) 
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in2  -2 ? "  

influenced by two factors. One is the geometric factor, e ''B . Another is the 

probability distribution of the MoS, basal plane orientation, P(6). Therefbre, 
In2 2 

~ c - 2 ~  
I =Ce P(S) + D (4.10) 

From Equation (4.9) and (4. lo), we get, 
1 

P(S) =Ae % 

where 6 is the angular deviation of the MoS, basal plane from the sample surface. 

Equation (4.1 1) shows that the most favorable orientation of the MoS, basai plane 

for Restacked MoS, film is parallel to the sample surface, i.e., the substrate. Also, the 

half-width of the orientation distribution curve, a,,. satisfies 

Using the experiment data, u., = 3.3 " and a = 2.0 -t 0.2 " (the error results from the 

uncertainty in the background for the Gaussian fitting), we get a,, = 2.5 t 0.5 '. 

ii (Degree) 

Fig.l.13 The orientation distribution of the MoS2 basal planes in the Restacked MoS, 
film on glass substrate 



The normalized 

plotted in Fig.4.13. 

orientation distribution curve for the Restacked MoSz film is 

in which A= 0.19. 

Fig.4.13 shows that at least 70% of the total area of MoSz basal planes are 

oriented within + 3 " to the substrate surface. 
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Optical Absorption and Electrical Resistance 

Measurements 

Although the energy band structure of IT--h/foS, has not yet been calculated, 

Mattheiss's ca~culation'~ of the band structures of IT-HfSI, IT-TaS,, 2H-TaS,, 2H-NbSe2 

and 21-1-MoS, can be used to generalize the common features shared by all IT polytypes 

or by all 2H polytypes of transition-metd-dichalcogenide layer con~pounds 

Mattheiss's results show the major- ditterence in the d-band density of states 

between the octahed~al and trigonal prismatic coordinations. fn the octahedral phase ( 1 T- 

MoS,), the lower sub-band contains six states and the upper sub-band fbur states per 

StatesiRy 
Atom Spin 

StatesiRy 
Atom Spin 

Fig.5.1 Coniparison of d-baud dcns~tj of sl;ilcs for 1T-MoS, :1nd 2H-MoS, 
based on Mat!hciss4s calculation 

(a) a sche~riatic diagram for 1T'-MoS, .based 011 Ihc rcsult for IT-TaS,. 
(b) a schematic diagram for 2H-MoS,, thc hatched rcgiu~r she\\ s lhc occupicd stntcs 



transition metal Thus, IT-MoS, would exhibit metallic behaviour since only two of the 

six states in the lower sub-band would be occupied In the trigonal prismatic phase, a 

narrow d sub-band containing only two states is split off from the other eight states on the 

upper band by a gap of abo~tt 1.4 eV (see fig.5. I(b)). For 2f-I-MoS?, the lower band is 

completely filled and the compound exhibits semiconducting behavinur This major 

difference in d-band density of state is shown schen~atically in Fig.S.1, using IT and 2H 

polytypes of MoS, as an example 

The analogy between IT-TaS, and I T-MoS, was first introduced by M A Py and 

R R. k4aering4 to explain the driving mechanism for the trigonal prism to octahedral 

structural change upon Li intercalation of MoS, The band structure &Terence between 

the trigonal prism and octahedral coordinated MoS, has also been used to explain the 

electrical and optical properties of the sodium intercalated MOS~ '  and thc single- 

molecular-layer M~s: ' .~ .  

In this chapter, optical absorption spectra and electrical resistance n~easurements 

of MoS,/TCE and Restacked MoS, films will be presented. 

5.1. Optical absorption spectra of MoS,/TCE and Restacked 

MoS, films 

The optical absorption spectra for MoS,/TCE and Restacked MoS, films were 

obtained using a Hewlett Packard 8452.4 Diode Array Spectrophotometer. The optical 

spectra presented here are for two samples: 0# 1 is a MoS,/'TCE spread film on glass slide; 

0 # 2  is a Restacked MoS, film, which was obtained by heating O#l in the vncuilm 

environment at 250' for 17 hours. 

Fig.5.2 shows the room temperature absorption spectra for samples O## 1 and 0#2. 

It is not surprising that the optical absorption for Restacked MoS, is similar to the one for 
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213-hIoS, crystal with a reduced intensity of all the absorption peaks, since in both systems 

the Mo atoms have trigonal prism coordination The absorption peaks are associated with 

the band gap absorption as would be expected from Fig 5 I(b) where transitions between 

the filled band and empty higher bands give rise to strong absorption peaks labeled A and 

B in Fig 5 2 The spectrum for MoS,/TCE does not show band gap absorption as might 

be expected from Fig 5 l(a) for MoS, with an octahedral coordination 

Thus the optical absorption recults in Fig 5 3 indicate that MoS,/TCE does not 

have the trigonal prism structure This is in  agreement with our X-ray dif'fraction results 

which indicate that in the transition from iLloS,ITCE to Restacked h/loS, the Mo 

coordination i~ndergoes a dmctural transfommtion from octahedral to trigonal prismatic 

400 500 600 700 800 

Wavelength (nm) 

Fig.? 2 Rocin1 le~uperaturc optical absorption spectra of O# I (hlnS:/TC'E lib) 
and Oft:! (Resmkcd hloS, film) 



Chnpfer 5 

5.2. Resistance vs. temperature measurement of MoS,/TCE 
and Restacked MoS, systems 

The resistance versus temperature measurement of MoSJTCE system was 

motivated by the results of Bissessur, et a1 on the conductivity of (PEO),,,~~MOS,"' . 

(PEO)o 92MoS, is a restacked MoSz system with poly-ethylene-oxide (PEO) included. 

The conductivity versus temperature measurement shows that a metal to insulator 

transition at 14-1 5K occurs in (PEO)o,92MoS, which they attributed to charge density 

wave (CDW) formation. Their experimental results are shown in Fig. 5.3. 

Despite many differences between the MoS,/TCE system and the (PEO)" y 2 M ~ S 2  

system the two systems have a common feature: they are both organic inclusion MoS, 

systems. If the low temperature metal to insulator transition can be directly attributed to a 

structural phase transition of the MoS,, the MoSJTCE system might also be a good 

0 50 100 150 200 250 300 

Temperature (K) 

Fig.5.3 Four probe variable temperature electrical conductivity data 
for polycrystalline pellet of (PEO), ,,MoS2. 

The metal to insulator transition is shown in more detail in thc inset graph 



Epoxy glue 
saphire plate 

\ gold f i lm s i l ve r  paint 
MoS2/TCE f i l m  

Fig.S.4 13) The sample geometry for the four probe 
resisti\.it~- rneastlrernent: ib) The equi\dent circuit 

candidate for obsen,ing it 

For our resistance versus temperature rr~eas~~rernents on MoS,!TCE films, a four 

probe method was used The sanlple geometry is shoun in Fig.5.4 (a). Part of the 

sapphire plate was coated ~ i t h  a thin layer of gold Three parallel lines were scored 

through the gold film This forms four probes The gaps between the probes are 

approvimately 50 microns uids The kloS,iTCE film nith an area of 1cm2 was loaded on 

the top of the substrate, co~ering the three gaps and making contacts with the gold 

probes. The contacts between the copper uire and the gold film are made with silver 

paint. The wires are fixed to the sapphire plate using epoxy The equivalent circuit is 

shown in Fig.5.4 (b) Thus the sample is prepared for the measurement. 

Two kinds of cryogenic systems were used for the measurement. One was a 

Helium Dewer with a completely sealed sample dip. A chromel(P) versus gold-0.07 
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atomic percent iron thermocouple was used for temperature measurement. With this 

system, the temperature can be lowered down to 2K with a vacuum pump helping liquid 

helium reach its superfluid state. The other kind of cryogenic system used was the APCI 

Cryogenic Refrigeration System with an APD-F Temperature Indicator/Controller 

manufactured by Air Products and Chemicals, INC. The temperature can reach as low as 

10K with sample loaded. 

The resistance versus temperature measurements were repeated with several 

samples using both cryogenic systems. All measurements gave similar results. With the 

APCI Cryogenic Refrigeration systems, a sample was first cooled down from room 

temperature to 1 OK and then heated back up to room temperature. For the purpose of 

comparison, the measurement results are plotted to show the relation between the 

negative log R (the resistance), which is proportional to log o (the conductivityj, and 

temperature. The insertion in Fig.5.5 is part of the data from the measurement on a 

different MoSdTCE sample with the Helium Dewer. 

Temperature (K) 

Fig.5.5 Resistance versus temperature data for MoS,/TCE film 
using four probe garnetq 
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Comparing Fig.5.5 with Fig. 5.3, one can observe that from room temperature 

down to 50K, the MoSJTCE system and the (PEO)o,92MoS, behave very similarly to each 

other as semimetals. However, no phase transition is observed for MoS2/TCE system as 

for (PEO)(, 92R/a~S2, which has a metal to insulator transition at 14- 15K. 

In order to observe the change of resistivity upon desorption of TCE from the 

MoSJTCE system, the MoS,/TCE sample was heated up to 100•‹C. After being heated at 

100•‹C overnight, the MoS2/TCE system became a mixed phase of MoS,/TCE and 

Restacked MoS,. Fig.5.6 shows the temperature dependence of resistance for both 

systems. The measurement was done using the APCI Cryogenic Refrigeration System. 

After all TCE molecules are driven out of the MoS,/TCE system to form 

Restacked MoS2iTCE, the resistance increases significantly. The resistance becomes more 

temperature dependent as is expected for a MoS, structural phase transition from 

octahedral in the MoSJTCE system to (semiconducting) trigonal prism in the Restacked 

MoS, system. 

Temperature ( K ) 

Fig.i.6 Resistance versus temperature data for: (a) MoS,/TCE film 
and (b) a film with a mixed phase of MoS,/TCE and Restacked MoS, 

(Arrows are used to indicate heating or cooling processes.) 
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Chapter I 6 
Conclusions 

The structure of the restacked MoS, system with organic tetrachloroethylene 

(TCE) included, usually referred to as the MoS21TCE system, was studied using X-ray 

diffraction methods. It was found that the Mo coordination in MoS,/TCE system is 

octahedral rather than trigonal prismatic as found in the original 2W-MoS, crystal. 

With the X-ray reflection study, the thin and uniform MoS2/TCE films are found to 

have a microscopic structure of single-molecular thick MoS, layers separated by one layer 

of TCE molecules and the film is an assembly of oriented crystallites with the MoS7 basal 

planes highly parallel to the substrate. The near planar TCE molecules were found to be 

lying "flat" between MoS, layers providing the biggest contact area possible. Heating of 

the MoS2/TCE facilitates the process of desorption of TCE to form Restacked MoS,. 

From X-ray transmission on the oriented films and X-ray diffraction on the powder 

samples, it was found that when 'TCE was present the MoS, basal plane had an octahedral 

coordination and the MoS, layers are stacked turbostratically. When TCE was removed 

from the structure, the system tended to transfer back to the original 2H-MoS2 which has 

a trigonal prismatic coordination, smaller interlayer spacing and ordered stacking. 

The optical absorption spectrum and electrical resistivity measurements performed 

on MoS,/TCE and Restacked MoS, films support the conclusion obtained from the X-ray 

studies that the Mo coordination is octahedral in MoS,/TCE while it is trigonal prismatic 

in Restacked MoS,. No evidance for any structural or phase transition was found in the 

electrical resistance of MoSJTCE down to 2K. 

The important structural data and physical properties of MoS2/TCE and Restacked 

systems are collected in Table 6.1. 



Chapter 6 

The diering Mo coordination is the major factor contributing to the diferent 

optical and electrical performances of the material which has the MoS, layered structure as 

its frame. The results of our studies indicate that the Mo coordination is strongly related 

to the weak interaction between MoS: layers. However, the mechanism is still not clear at 

this stage and further studies are needed 

Table 6.1 Summary of structure parameters and physical properties 
of MoSJTCE and Restacked MoS, in con~parison with 2H-MoS, crystal 

interlayer spacing 

a-spacing 

superlattice 

Mo coordination 

stacking 

optical absorption 
spectrum 

electrical property 

octahedral 

no absorption 
peaks 

semimetal 

Restacked MoS, 

6.22 _+ 0.04 .& 

3.18 k0.02 

trigonal prismatic 

partially ordered 

band gap absorption 
observed 

semiconductor 

2H-MoS, crystal 

trigonal prismatic 

ordered 

band gap absorption 
obserced 



Appendix - - 

X-Ray Transmissian Patterns for MoS2/H20 and 
Restacked MoS2 Oriented Films 

Since the MoS, water bilayer system (MoS,M,O) has been studied extensively 

using X-ray powder diffraction method7 and highly oriented thin MoS2R12C1 film similar to 

MoS2/TCE film is also easy to obtain, MoS,/H,O oriented film was chosen as the first 

object to which the X-ray transmission method was applied to test the applicability of the 

method. 

A. Samples and substrate 

The substrate is a thin, transparent plastic film---"Stretch & Seal" fixed on an 

alurnimm frame. 

Figure A. 1 shows the results of the X-ray studies. 

(a) is a MoS,M,O film. This was made by releasing drops of MoS, single-layer 

wafer suspension onto the substrate. After the excess water had evaporated, a structure 

was formed in which MoS, basal planes were arranged parallel to the substrate and every 

single MoS, layers was separated from adjoining layers by two layers of H,O molecules. 

The film had a dry appearance. 

(b) is the film obtained by keeping the MoS,/H,O film (a) in a vacuum environment 

for 32 hours. 

(c) is the film obtained by heating the film (b) in a vacuum environment for 2 hours 

at 60•‹C. 

(d) is a Restacked MoSz film. This was obtained by heating the film (c) in a 

vacuum environment for 24 hours at 60•‹C. 
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B. Results and Comments 

The X-ray transmission experiments were performed using Philips diffractometer. 

The aluminum fiame which supports the substrate together with a lead mask restricts the 

sample examined to an area of 1 (-2)mm x 1 Omm. 

The X-ray transmission patterns are shown in Fig.A. 1 .  The vertical lines mark the 

(100) and (1 10) peak positions of the 2H-AMoS, q s t a l  powder. The fcur peaks which 

come from the aluminum frame are marked "Al" and the unlabelled sharp small peaks 

Fig.A. 1 X-ray trarwnission patterns for MoS,/H20 and Restacked MoS, oriented films 
(a) is a MoS,./!-120 film; (b)&(c) are films with a rnixcd phasc of h4oS,/H,O and 

Rcstacked MoS,: fd) is a Rcstacked MoS2 film. 
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come from the lead mask. 

The observation on the basal plane structure of MoS,/H,O is very similar to that 

of MoS,/TCE. In MoS2/H20, the MoS2 layers are separated by water molecules. The Mo 

coordination is octahedra! with a small distortion and an expanded a-spacing. This can be 

observed from the X-ray transmission pattern of MoS,/H,O compared to that of 2H- 

MoS,, since the (200) and (220) peaks shifted to a lower angle which corresponds to an a- 

spacing of 3.X& 3% expansion from the a-spacing of 2H-MoS2 crystal in which the Mo 

atoms are trigonal prismatically coordinated. The superlattice peaks, (1 OO), (2 1 O), (300) 

and (320), are obvious in the X-ray transmission pattern which corresponds to a 2q,x2a, 

superstructure as in MoS,/TCE . 

After the water molecules between the MoS, layers were removed and the 

Restacked MoS, film was formed, the (100) and (1 10) peaks shifted back to the peak 

positions of 2H-MoS, crystal and the superstructure was not observed. This indicates that 

the Mo coordination had transferred back to trigonal prism. 

Neither (001) lines nor (hkl) mixed lines were observed in the X-ray transmission 

patterns of MoS2/H,0 and Restacked MoS,. This is because the films are highly oriented. 

The structural parameters obtained from the X-ray transmission patterns agree 

with the previous results7 from the X-ray powder diffraction pattern of the MoS, water 

bilayer system. The X-ray transmission experiment on MoS,/H,O film provided a good 

example which shows that X-ray diffraction methods can be applied to investigate the 

basal plane structure of a highly oriented film. 
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