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He suggested that scaling channel oxide thickness, transistor gate length, and transistor 

channel width by a constant factor of 1/k (k is a scaling constant) would provide a delay 

improvement of 1/k at a constant power factor, thereby increasing transistor speed. To 

better understand this speed enhancement, we need to understand what determines the 

speed of the metal-oxide semiconductor field effect transistor (MOSFET). The main 

performance metric for transistor speed is gate delay (amount of time for a change on the 

input of the gate to cause a change in the output), which is defined as CloadVD/ID, where 

Cload is the load capacitance, VD is the source to drain, or supply, voltage and ID is the 

drain or drive current. The formula for the drive current in the linear region is [2]; 
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for VGS  VT, VD < VD,SAT. Drive current in the saturation region is; 
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for VGS  VT, VD  VD,SAT. L is the channel length, Z is the channel width ( to L), eff is 

the carrier mobility under the gate, VGS is the gate voltage, VT is the threshold voltage and 

C’
ox is the gate capacitance per unit area, ox/tox, where ox is the gate oxide electric 

permittivity and tox is the gate oxide thickness. To increase the speed of the MOSFET, we 

need to reduce the gate delay, which generally has been done by decreasing L or tox which 

in turn increases the drive current and reduces the gate delay, CloadVD/ID, to increase 

transistor speed:  
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explains why transistor size scaling had been the driving force behind device 

performance improvement until about 15 years ago. The desire for faster transistors 

started a decade long era of scaling that was seen in the 1990’s. Each new generation of 

process technology was expected to reduce minimum feature size by approximately 0.7x 

(k~1.4). A 0.7x reduction in linear features size was considered to be the right amount of 

reduction for a new process generation since it provided ~2x increase in transistor 

density. In conjunction with the density increase, Dennard’s scaling assumed that channel 

doping concentration could be continually increased to enable shorter channel lengths 

with the appropriate VT. Unfortunately, increasing channel doping concentration too high 

can cause carrier mobility and performance to degrade due to increased impurity 

scattering, and source and drain junction leakage to increase due to direct tunneling. 

Junction leakage is a limiter for ultra-low power integrated circuits. Gate oxide thickness 

reduction has also slowed due to leakage from tunneling. In Intel’s 65 nm process, the 

gate oxide is about 1.2 nm or about 5 atoms thick, which is generally considered to be the 

limit that SiO2 can be scaled. The general guideline for devices with ultra-thin body is 

that the body thickness be about 1/3 the gate length to maintain effective electrostatic 

control of the channel by the gate [3]. For sub-5nm gate lengths, this corresponds to 

channel materials with only about two atomic layers in thickness. Channel gate length is 

getting so small that quantum tunneling and gate leakage will be too high to continue 

with silicon. Unfortunately, this “classic” scaling held up until about 15 years ago, when 

problems such as increased gate leakage caused by extremely thin gate oxide, degraded 

carrier mobility, short channel effects, device stability, etc., caused classic scaling to 
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reach its limit. Since that time, classic scaling has been replaced with “equivalent 

scaling” techniques like strained silicon, high-κ/metal gate, and tri-gate transistor 

architecture. The search for materials that can perform as well or better than silicon is an 

ongoing pursuit that must continue if we are to continue to reduce device dimensions. 

1.2 Transition Metal Dichalcogenides 

 

In 2004 it was discovered that atomically thin layers of graphite, commonly 

referred to as graphene, could easily be produced using mechanical exfoliation [4], 

because of the weak van der Waals force between the layers of the highly oriented 

graphite. The discovery of graphene attracted significant attention because of its 

extremely high electrical and thermal conductivity, high carrier mobility and molecular 

barrier properties. Unfortunately, large area graphene has no bandgap, resulting in small 

or no current on/off ratios in its field effect transistors (FETs), and is therefore not a 

suitable material for digital electronic applications. Very small band gaps have been 

introduced by shaping graphene, but this increases the complexity of manufacturability 

and significantly reduces the mobility. These issues make it very difficult to build logic 

circuits from graphene, therefore trying to produce semiconducting graphene requires 

that we look for other suitable alternatives for silicon based electronics. The discovery of 

graphene did, however, reveal some interesting electrical, mechanical, and optical 

properties of several other 2-dimensional (2D) layered crystals, such as the transition 

metal dichalcogenides. Transition metal dichalcogenides (TMDs) are a class of materials 

with the chemical formula MX2, where M is the transition metal from group IV (Ti, Zr, 

Hf, etc.), group V (Ta, V, etc.), or group VI (Mo, W, etc.) and X is the chalcogenide (S, 
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Se, or Te) atom. The metal atom is sandwiched in between two layers of chalcogenide 

atoms in a covalent bond. The adjacent layers are held together by weak van der Waals 

force interaction to form the bulk crystal in a variety of polytypes, which vary in stacking 

orders and metal atom coordination (Fig. 1.2). The TMDs can be semiconductors (eg. 

MoS2, WSe2, WS2, SnS2), semimetals (eg. WTe2, TiSe2), metals (eg. NbS2, VS2), and 

superconductors (e.g., NbSe2, VSe2). 

 
 

Figure 1.2: Side (a) and top (b) view of two layer 2H phase MoS2. The black box outlines 

the MoS2 unit cell. 

 

The overall symmetry is hexagonal or rhombohedral, and the metal atoms have 

octahedral or trigonal prismatic coordination. The TMDs show a wide range of optical, 

electronic, mechanical, chemical, and thermal properties. Several of the TMDs also 
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display a bandgap of between 1-2 eV making them promising materials for FETs. Some 

of the interesting electrical properties of transistors made from these materials show large 

Ion/Ioff ratios, low leakage current, high field effect mobility, large current carrying 

capacity, and a high degree of immunity to short channel effects. The high mobility of 

charge carriers is due to the strong covalent bonding of atoms within the layers, while the 

weak van der Waals bonding results in intrinsically low density of surface traps. These 

create pristine surfaces free of dangling bonds which reduce roughness scattering that 

leads to higher mobilities. A few of the TMDs show a transition from indirect bandgap in 

the bulk to direct bandgap in the monolayer. MoS2 has a bulk indirect bandgap of about 

1.2 eV and increases to about 1.9 eV [5] in single layer whereas WSe2 indirect bandgap is 

about 1.3 eV with a direct bandgap of about 1.6 eV [6] at the single layer. The direct 

bandgap for MoS2 and WSe2 also results in photoluminescence at the monolayer which 

opens the possibility of optoelectronic applications.  

The TMDs are promising channel materials for semiconductor logic device 

application, however there are some challenges to using TMDs as channel materials in 

MOSFETs. To date there is no suitable method for implanting these 2D materials due to 

the nature of the ultra-thin body. Theoretical work predicts partial Fermi level pinning at 

the interface of these materials and the metal contacts which leads to Schottky barriers 

[7]. To reduce the contact resistance, one would need to heavily dope the semiconductor 

to enable tunneling or choose a high (low) work function metal for valence (conduction) 

band conduction. Since the films are generally intrinsically p-type or n-type, and the 
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films cannot be doped, choosing the appropriate contact metal to create Ohmic contacts 

can be challenging. 

Another challenge is developing an adequate technique to deposit a few layer 

thick films of high enough quality to make them a viable gate channel material. Many of 

the transition metal dichalcogenides have common crystal structures that are composed of 

stacked layers which interact via weak van der Waals force between the adjacent layers, 

similar to graphene. Formation of stable thin crystals with thicknesses down to a 

monolayer is easily achieved using mechanical exfoliation as was done with graphene. 

The process of mechanical exfoliation is sufficient to create small area, ultra-thin layers 

for early research into the properties of the TMD films. However, depositing stable, thin, 

uniform films is a necessary next step in the further development of the TMDs as a viable 

channel material. 

1.3 Thin Film Deposition 

 

To date these films have been produced using a wide range of methods, including 

chemical vapor deposition [8-11], electrochemical synthesis [12], molecular beam 

epitaxy (MBE) [13], and various forms of exfoliation [14-19]. Because TMDs are layered 

materials like graphene, the first approach to creating monolayer thin films has been 

mechanical exfoliation. Mechanical exfoliation has been the mainstay of early research of 

the TMDs because of the relative ease of producing few to single monolayers of the film. 

Mechanical exfoliation (also known as “scotch tape method”) typically results in flakes 

of varying sizes and thicknesses (Fig. 1.3) and has no large area uniformity. Mechanical 
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exfoliation also suffers from possible contamination, issues with reproducibility and the 

ability to scale up.  

 

 

Figure 1.3: Optical micrograph (a) and AFM image (b) of MoS2 flakes produced by 

mechanical exfoliation [20]. Reprinted with permission from ACS Nano. Copyright 2010 

American Chemical Society. 

 

Chemical exfoliation can produce small area thin sheets, but the chemicals are 

highly toxic and exothermic. Using thin film deposition methods, small area (5 mm x 2 

mm) MoSe2 films have been grown using MBE (Fig. 1.4), however larger area films 

suffer from domain boundary defects [21, 22] that cause mid-gap states and the process is 

slow and expensive.  
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Figure 1.4: STM image of MBE grown MoSe2 film [22] 

 

Another approach has been to produce micro-ribbons using electrochemical 

synthesis (Fig. 1.5). This process cannot grow large area thin films and requires high 

temperature (800 – 950 ℃) annealing for an extended time to synthesize the required 

film. One of the most common thin film deposition methods for advanced semiconductor 

technology is chemical vapor deposition (CVD), which is a bottom up approach where 

the reactants are delivered to a heated substrate in a gas phase reaction. The CVD process 

has only been able to create small area films and usually requires high temperatures to 

achieve these. The morphology of the films consists of platelets or plate-like crystals 

(Fig. 1.6) which generally have poor crystallinity. Large area uniform growth of single 

layer TMDs using CVD remains a challenge. Precise control of few atoms thick layered 
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films over a large area is difficult, therefore an alternate method is required if we are to 

achieve the atomically thin films necessary. 

 

 

Figure 1.5: MoS2 microribbons grown via electrochemical synthesis. The time denotes 

number of hours MoO2 was exposed to H2S at 800 ℃ to create MoS2 ribbons [12]. 

Reprinted with permission from Nano Letters. Copyright 2004 American Chemical 

Society. 

 

 

Figure 1.6: Optical microscopy image (a) and AFM image (b) of CVD grown monolayer 

WSe2 [23]. Reprinted with permission from ACS Nano. Copyright 2015 American 

Chemical Society. 

 

1.4 Overview 
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 The goal of this work is to show that TMD films can be grown uniformly over a 

large area using atomic layer deposition, and to exhibit the unique properties these films 

possess. The work is divided into three areas of focus. Chapter two will discuss the film 

growth process of several TMD films using atomic layer deposition, and the physical 

properties of the materials will be examined using several characterization methods. 

Chapter three details the electrical characterization of these films by means of back-gated 

field effect transistors, including the patterning process used to create them. Chapter four 

is a theoretical analysis of MoS2 and WSe2 films using density functional theory. The 

theoretical data is then compared to the experimental data from chapters two and three so 

that we may bridge the gap between theory and experimental data. Finally, in chapter 

five, the data from chapters two, three and four is summarized.  
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Chapter II: Synthesis and Physical Characterization 

 

2.1 Atomic Layer Deposition 

 

Atomic layer deposition (ALD) was introduced in 1974 by Dr. Tuomo Suntola in 

Finland while trying to improve the quality of ZnS films used in electroluminescent flat 

panel displays. Initially, ALD was not very well received due the fact that the film 

growth is a very slow process and at the time film thicknesses were far too great to make 

ALD useful. Continually decreasing device dimensions, and structures with high aspect 

ratio features that are used in advanced semiconductor technology, have increased 

interest towards this technique since the mid 1990’s. Today it is the main deposition 

method used in advanced gate dielectrics, as well as other areas where very thin uniform 

films are required including features with high aspect ratios. No other thin film deposition 

technique can match the conformality achieved by ALD on high aspect ratio structures. 

ALD is therefore a potentially advantageous method for depositing or growing atomically 

thin TMD films uniformly over a large area. 

ALD is a monolayer stepwise growth process where the reactants, or precursors, 

are alternately injected into the growth area, and following each reaction the excess 

species and by-products are purged out. It is unique in that the process is a self-

terminating gas-solid reaction instead of a gas-gas reaction that most other CVD 

processes use. ALD uses many of the same chemistries that CVD uses, but CVD is done 

in a dynamic flow situation, where ALD uses discrete steps. As a result, high quality 

films are grown over large areas by sequential surface reactions which enable precise 
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control of the film composition and thickness, therefore this approach is ideal for growth 

of layered materials. The basic ALD process first introduces a precursor gas onto the 

substrate surface. A chemisorption process takes place, which is a type of adsorption that 

is driven by a chemical reaction at the surface. This new reaction creates a new chemical 

species that covalently bonds to the substrate surface. The limited number of surface sites 

ensures that reactions can only deposit a finite number of species, creating the self-

terminating process. This is also very beneficial in that an exact precursor dosage is not 

required, since the surface saturation limits the reaction. The only requirement is that 

there are enough precursor molecules to completely cover the substrate surface. After this 

reaction, the by-products are purged out with an inert gas (nitrogen in our case). The 

second precursor is then introduced which reacts with the first chemisorbed precursor 

which is then followed by another nitrogen purge, which completes the process and 

creates one monolayer of the final film. It should be noted that although the growth of 

one monolayer per cycle is used to describe the process, the growth per cycle is usually 

less than this. When the surface is saturated with the chemisorbed species, the growth per 

cycle is determined by factors such as the reactants used, the ALD process temperature, 

and sometimes the substrate material. Steric hindrance of the ligands will cause saturation 

during the chemisorption process if the limited number of bonding sites does not cause it. 

Steric hindrance is when the chemisorbed ligands of the new species blocks part of the 

surface from being accessible to the precursor and so the surface is considered being full. 

Figure 2.1 shows a flow diagram as an example of how a single layer of WSe2 is created 

using WCl6 and H2Se precursors as the reactants. Using this process, we have 
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demonstrated growth of several of the 2D films, including MoS2, WS2, SnS and WSe2, 

over a large area (5 cm x 5 cm). 

 

 

Figure 2.1: WSe2 ALD cycle 

 

The self-limiting nature of the reactions allows the process to create thin films 

with atomic level control and with a high degree of uniformity and conformity, making it 

one of the most promising thin film deposition techniques for nanostructures, patterned 

substrates, and high aspect ratio features. Another characteristic of ALD is the ability to 

deposit films at low temperatures, which is beneficial for processes where low thermal 

budget is required. Depending on the film, ALD can deposit films at temperatures as low 

as 100 C which has been demonstrated with Al2O3 and ZrO2 [24], although most of the 

TMD films are grown at higher temperatures to produce crystalline films of appropriate 

phase. 
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All films used in this research were grown in a Microchemistry F-120 ALD 

reactor (Fig. 2.2), which can hold two 5 cm x 5 cm substrates per run. The F-120 reactor 

was the first commercial ALD reactor [25] and was created for fast cycling, which 

allowed for short pulse widths in our film growth parameters. The films typical growth 

temperatures ranged from 330 C to 450 C, based upon the film being grown. The 

substrates consisted of either n- or p-type silicon wafers coated with silicon oxide ranging 

in thicknesses from 30 nm to 320 nm. The parameters used in the growth process for each 

film type are explained later in this chapter. 

 

 

Figure 2.2: Microchemistry F-120 ALD Reactor 
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2.2 Film Characterization: Structural Techniques and Elemental Analysis 

 

Optimum parameters for growth of the TMD films were determined by 

characterizing the films with respect to their composition, crystalline phase, etc. Several 

physical methods for characterizing the TMD films such as XPS, XRD, SEM, TEM, 

photoluminescence, and Raman spectroscopy were used to determine the quality of the 

films. All the film characterization techniques used in this research will be briefly 

discussed, although not all of them were employed for every film. 

Raman spectroscopy was one of the primary characterization tools used for 

structural characterization. It was used to observe specific materials based on their 

vibrational, rotational, and other low frequency modes, as well as their crystalline phase. 

Raman spectroscopy is an optical technique based on inelastic scattering of 

monochromatic light, usually from a laser source. Photons of the laser light are absorbed 

by the film and then re-emitted. The frequency of the re-emitted photons is shifted up or 

down in comparison with original monochromatic frequency, which is called the Raman 

effect. It was the primary characterization method used to optimize the ALD parameters 

for growth of MoS2, WS2, SnS, WS2/SnS heterostructures and WSe2 films. Raman 

spectroscopy is also useful for determination of film thickness of some 2D chalcogenides 

because the phonon frequencies are sensitive to the thicknesses of these films. 

Photoluminescence (PL) is a non-contact non-destructive method of probing the 

electronic structure of a material. The energy distribution from photoluminescence is 

measured and analyzed to determine properties of the material such as its band gap, using 
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the formula; 
1240eV nm

E



   , where  is the wavelength of the emitted photons and 

E is the energy band gap. For our MoS2 sample, when laser light of wavelength 532 nm 

was directed onto the film surface, it was absorbed, leading to photo-excitation of the 

electrons. The photo-excitation causes electrons to jump to a higher energy state and 

release photons as they relax and return to a lower energy state. The photons were 

measured with a 0.3 m spectrometer. PL could not be used in cases where there was little 

or no photo-excitation occurring, as in the case of the thicker samples of MoS2 or WSe2 

(indirect band gaps). MoS2 does show some PL for bilayer films and strong PL for 

monolayer films. 

Transmission electron microscopy (TEM) is a technique where a beam of 

electrons is transmitted through an ultra-thin specimen (film), interacting with the film as 

the beam passes through it. An image is formed from the electrons diffracted through the 

film. This image is magnified and focused onto an imaging device. TEM can produce 

images down to a single row of atoms and is therefore extremely useful for determining 

the number of layers in a film. TEM was also used to determine the internal structure and 

composition of our films. 

X-ray photoelectron spectroscopy (XPS) is a surface chemical analysis technique 

that can be used to analyze the surface chemistry of a material. It measures the elemental 

composition to determine the empirical formula, chemical state, and electronic state of 

elements that were present within the material. XPS spectra for a few materials were 

obtained by irradiating a material with a beam of x-rays while simultaneously measuring 



18 
 

the kinetic energy and number of electrons that escaped from the top to a depth of about 

10nm of the material being analyzed. XPS is very useful for TMD film analysis to 

determine the proper phase and composition of films since there are several different 

compositions that can be formed depending upon the growth parameters. 

X-ray diffraction (XRD) is a non-destructive technique used to identify crystalline 

phases and orientation. XRD can determine structural properties such as lattice 

parameters (interplanar spacing), strain, grain size, epitaxy, phase composition, and 

preferred orientation. XRD can be used to measure thickness of thin films and multi-

layers and determine atomic arrangement. XRD was used to determine the crystalline 

property of MoS2 bilayer film in this research. 

2.3 ALD of Molybdenum disulphide (MoS2) 

 

Molybdenum disulphide (MoS2) is the most studied of the 2D layered materials. It 

has a hexagonal honeycomb structure like graphene and therefore exhibits similar 

physical properties. The monolayer is composed of a single layer of molybdenum atoms 

sandwiched between two layers of sulfur atoms and coordinated through covalent bonds 

in a trigonal prismatic arrangement. Fig 1.2 shows a single layer of MoS2 in a 2H phase 

or polytype. As a bulk film, MoS2 is an indirect bandgap semiconductor, however 

monolayers of this film are interesting because they have a direct bandgap of about 1.8 

eV [26] making MoS2 a good candidate for optoelectronics.  

The ability to grow MoS2 (as well as the other TMDs) using ALD comes from the 

fact that the reactants (precursors) are readily available and can facilitate the appropriate 
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growth pathway. The reactants must also be volatile enough to be in a gas phase with 

moderate heating and should not decompose before they have reached and reacted with 

the sample surface. The surface reaction must also be quick and irreversible for fast 

growth. The MoS2 films in this research were grown with temperatures ranging from 330 

C to 450 C. With temperatures ranging from 350 C to 400 C, the films were smooth 

and continuous and growth was linear with the number of cycles. At a temperature of 390 

C the film growth rate was 0.087 nm/cycle. The growth per ALD cycle is much smaller 

than one MoS2 monolayer (~6.5 Å). This discrepancy is because ALD growth is 

dependent on surface species and surface chemistry which can cause a limited number of 

reactive surface sites. The surface chemistry is not required to always yield a monolayer 

of growth for every ALD cycle. Several films were grown, but the thickest films were 

about 9 nm after 100 cycles. The substrates used were n-type silicon wafers with about 

320 nm of silicon oxide grown as an electrical insulating layer. The precursors used for 

MoS2 were MoCl5 and H2S (9% Ar balance). The MoCl5 source temperature was set to 

105 C and the carrier gas (N2) flow rate was set to 250 sccm and a reactor pressure of 1 

mbar. The pulse sequence for each cycle was as follows; MoCl5 pulse width was 0.8 s 

with an N2 purge of 1.0 s, followed by H2S pulse of 1.2 s and then N2 purge of 1.0 s. No 

further processing of the film was performed, although it should be noted that other post 

processing methods such as sulfur annealing have been performed by others to try and 

improve crystallinity [27]. 

After the films were grown, they were analyzed by Raman spectroscopy using 

532 nm wavelength with laser power of 1 mW. The Raman peaks were weak for films 
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grown at 350 C, but for the films grown at 390 C the peaks were sharp and distinct (Fig. 

2.3). Figure 2.3 shows a Raman spectrum of one sample grown with 15 cycles (~1.3 nm 

thick), exhibiting an in-plane mode at 379.0 cm-1 and out-of-plane mode at 401.2 cm-1. 

The separation of the in-plane (E1
2g) and out-of-plane (A1g) vibrational modes is ~22 cm-1 

[28], indicating a bilayer (two MoS2 layers) film [29]. The bilayer growth was also 

confirmed using atomic force microscopy (AFM) that measured a thickness of 1.3 nm. 

The separation in peaks of the E1
2g and A1g vibrational modes is one of the unique and 

quick methods of determining the thickness of MoS2 films. It has been shown that this 

separation is smaller when the films are thinner down to ~18 cm-1 for the monolayer and 

~26 cm-1 for bulk films [30]. Using a classical model for coupled harmonic oscillator, the 

two vibrational modes are expected to increase as additional layers are added because the 

interlayer van der Waal interactions increase the effective restoring force acting on the 

atoms. This separation has been explained with first principles based force constant 

model that the frequencies between the two modes are due to the increased force constant 

between Mo and S at the surface and decreasing thickness. The effect of increased force 
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constant for the E1
2g mode is larger than the effect of decreasing thickness, explaining the 

anomalous blue shift [31] (frequency increase).  

 

 

Figure 2.3: Raman spectrum of bilayer MoS2 film on silicon oxide on silicon 

substrate with inset showing the vibrational E1
2g and A1g modes [28]. 

 

Another test performed with Raman spectroscopy was a parallelization test, to 

confirm that the films were grown parallel to the substrate surface. The polarization of 

the incoming light was set while rotating the analyzed light. The samples tested showed 

the A1g peaks were nearly eliminated, because the phonon modes are perpendicular to the 

film, compared to the E1
2g peaks which are in-plane oscillations, thus confirming that the 

film growth was parallel to the film surface.  

The film uniformity was checked by measuring multiple areas of the sample using 

Raman spectroscopy with no discernible difference in the vibrational modes of the scans, 

indicating a uniform film. This was further tested with AFM and scanning electron 
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Density functional theory (DFT) provides a powerful tool for the computational 

analysis of the quantum state of atoms, molecules and solids, and of ab initio molecular 

dynamics. Quantum ESPRESSO (open Source Package for Research in Electronic 

Structure, Simulation and Optimization) [72] is an integrated suite of computer codes 

used for the electronic structure calculations and materials modeling based upon density 

functional theory, plane wave basis sets and pseudopotentials to represent electron-ion 

interactions. This research characterized the electronic properties of MoS2 and WSe2 

using the Quantum ESPRESSO package in the framework of density functional theory. 

Ultrasoft pseudopotentials as well as the generalized gradient approximation exchange-

correlation functionals were used in all calculations. 

4.3 Electronic Structure of MoS2 

 

MoS2 is a layered 2D material of a class of materials called transition metal 

chalcogenides (or dichalcogenides since there are two chalcogen atoms). The structure 

consists of two hexagonal planes of the chalcogen atoms, sulfur, separated by the metal 

atom molybdenum. The sulfur and molybdenum atoms are covalently bonded, while the 

S-Mo-S units are stacked on top of each other and held together by weak van der Waals 

forces. MoS2 exists predominately as three polytypes (or stacking arrangements), 1T, 2H, 

and 3R. The 1T phase is unstable and therefore the least common. The 2H and 3R phases 

are naturally occurring and identical in structure, with the difference being the stacking of 

the monolayers (Fig. 4.2). The 2H phase has hexagonal symmetry having the two 

monolayers per unit repeat, while the 3R phase has rhombohedral symmetry with three 

monolayers per unit repeat. The 3R phase can be transformed to 2H upon heating [73]. 









95 
 

 

 

Figure 4.11: MoS2 bilayer band structure, conductance, and density of states 

 

4.4 Electronic Structure of WSe2 

 

The electronic structure of WSe2 has many similarities to that of MoS2 and 

therefore some of the data will be similar. The WSe2 structure consists of two hexagonal 

planes of the chalcogen atoms, selenium, separated by the metal atom tungsten. The 

selenium and tungsten atoms are covalently bonded, while the Se-W-Se units are stacked 

on top of each other and held together by the weak van der Waals forces. WSe2 exists 
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predominately as three polytypes; 1T, 2H, and 3R, the same as MoS2. The 1T phase is 

unstable and therefore the least common. The 2H and 3R phases are identical in structure 

with the difference being the stacking of the monolayers (see MoS2 example in Fig. 4.2). 

The 2H phase has hexagonal symmetry with W atoms in a prismatic arrangement with 

the Se atoms, and the two monolayers per unit repeat, while the 3R phase has 

rhombohedral symmetry with three monolayers per unit repeat. The 2H phase is the most 

predominant polytype. The WSe2 bulk unit cell belongs to the P63/mmc space group. The 

W and Se atoms are larger than the Mo and S atoms, therefore the lattice constants are 

slightly larger with a = 3.282 Å and c = 12.96 Å. The electronic configuration of the W 

atoms is [Xe]4f145d46s2 and Se is [Ar]3d104s24p4. This causes a strong p-d interaction 

between the W and Se layers within each monolayer, while the interaction between the 

layers is only the weak van der Waals force. 

Prior to performing the band structure calculations, we had to determine the 

proper density of the Monkhorst-Pack grid that was used for calculating the 

wavefunctions. Following a similar methodology to that used for MoS2, energy 

convergence studies were performed with respect to the number of k-points and the 

kinetic energy cutoff value, Ecut. This data is plotted in the two graphs shown in figure 

4.12. As can be seen in the graph 4.12(a), increasing the number of k-points above 288 

does not lower the total energy significantly, therefore using a 12x12x2 k-point grid 

yields precise results with a lower computational cost. The energy convergence study for 

Ecut in the graph 4.12(b) shows that beyond 40 Ry (~544 eV) the total energy is not 

significantly reduced, therefore the cutoff energy was set to 40 Ry. Once the k-point grid 


