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The exponential growth of Si-based technology has finally reached its limit, and a new generation 

of devices must be developed to continue scaling. A unique class of materials, transition metal 

dichalcogenides (TMD), have attracted great attention due to their remarkable optical and 

electronic properties at the atomic thickness scale. Over the past decade, enormous efforts have 

been put into TMD research for application in low-power devices. Among these studies, a high-

quality TMD synthesis method is essential. Molecular beam epitaxy (MBE) can enable high-

quality TMD growth by combining high purity elemental sources and an ultra-high vacuum growth 

environment, together with the back-end-of-line compatible growth temperatures. Although many 

TMD candidates have been grown by MBE with promising microstructure, the limited grain size 

(< 200 nm) for the MBE-grown TMDs reported in the literature thus far is unsuitable for high-

performance device applications. 

In this dissertation, the synthesis of TMDs by MBE and their implementation in device structures 

were investigated. van der Waals epitaxial growth of these TMDs (HfSe2, WTe2, WSe2, WTexSe2-

x), due to the relaxed interactions at the interface, have been demonstrated on large lattice-
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mismatched substrates without strain and misfit dislocations. The fundamental nucleation and 

growth behavior of WSe2 was investigated through a detailed experimental design, combined with 

on-lattice, diffusion-based first principles kinetic modeling. Over one order of magnitude 

improvement in grain size was achieved through this study. Results from both experiment and 

simulation showed that reducing the growth rate, enabled by high growth temperature and low 

metal flux, is vital to nucleation density control. Meanwhile, providing a chalcogen-rich growth 

environment will promote larger grain lateral growth by suppressing vertical growth. Applying the 

knowledge learned from the nucleation study, we sucessfully integrated the MBE-grown WSe2 

into Si complementary metal-oxide-semiconductor (CMOS) compatible field-effect transistors 

(FETs). Excellent transport properties, such as field effect hole mobilities (40 cm2/V∙s) with orders 

of magnitude improvement over the reported values of MBE-grown TMDs, are shown. These 

studies provide a comprehensive understanding of the MBE synthesis of TMDs and devices, 

indicating the great potential of integrating TMDs into CMOS process flows for the future 

electronics. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Overview of two-dimensional materials  

1.1.1 Graphene 

The superior basal-plane electronic properties of graphite intercalation compounds were 

discovered in the 1960s.1 However, the difficulty in obtaining a monolayer slowed down research 

in the topic until the paper from Andre Geim and Konstantin Novoselov, published in 2004,2 that 

introduced the scotch tape method of exfoliation to provide high quality few-layer graphene up to 

10 microns in size. This method and the excellent structural and electronic properties of graphene, 

such as high carrier mobility (up to 100,000 cm2/V∙s at room temperature),3 attracted great 

attention from scientists to further explore graphene.4 However, the intrinsic semi-metallic nature 

of graphene with zero bandgap greatly limits its application in logic devices although much effort 

has been put into the study of graphene functionalization and graphene nanoribbons. Researchers 

have searched for an alternative two-dimensional (2D) material with semiconducting properties 

for device applications.  

1.1.2 Transition metal dichalcogenides  

Transition metal dichalcogenides (TMDs) are such a 2D material system, consisting of 

stacked atomic sheets of transition metals and chalcogens, in the formula of MX2 where the 

transition metal (M) comes from group IV (Ti, Zr, Hf), group V (V, Nb, Ta), group VI (Mo, W), 

or group VII (Tc, Re), and the chalcogen elements (X) from group VIA (S, Se or Te) as shown in 

Figure 1.1a.5 The characteristic layered structure of TMDs (Figure 1.1b)6 where a monolayer TMD 
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contains one layer of transition metal in between two layers of chalcogen is similar to graphene. 

The top view of the TMD surface exhibits hexagonal symmetry. The metal atoms and chalcogen 

atoms are strongly bonded within each plane, and there is no covalent bonding between adjacent 

layers where only weak van der Waals interactions exist.  

For each unit cell of the TMD layers shown in Figure 1.1c, the metal can be in either a trigonal 

prismatic (TP) or octahedral (OC) coordination. In addition, the stacking order of the TMD layers 

in Figure 1.1d also varies.6 Initially, theories7,8 were put forward attempting to explain the reason 

behind different coordination types through the ionicity of the metal and chalcogen. For more ionic 

M-X bonds, OC coordination has a longer distance between chalcogen ions and was predicted to 

be preferred due to the reduced electrostatic repulsion. TMDs with more covalent M-X bonds were 

predicted to be stable in the TP coordination, where a stronger overlap of the metal and chalcogen 

wavefunctions is formed.9 Recently however, it was proposed that the number of valence electrons 

of the transition metal and ligand field theory play an important role in determining the stable 

structure of the various TMDs.10 TP coordination will split the d-levels of the metal, leading to the 

dz
2 subband at lower energy as shown in Figure 1.2a. For VIB-metal based TMDs, VIB atoms with 

6 valence electrons will completely fill the dz
2 subband and become the stable configuration. 

However, in IVB-metal based TMDs, the IVB atoms with only 4 valence electrons will prefer the 

OC coordination as shown in Figure 1.2b to minimize the total energy.10 

For different combinations of transition metals and chalcogens, there is a wide range of 

electronic properties available among the TMD materials, which include semiconductors (e.g., 

MoS2), metals (e.g., TaSe2), as well as superconductor candidates as observed in niobium- and 

tantalum-based TMDs. Moreover, it has been observed in some semiconducting TMDs that there 
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is a transition from an indirect bandgap in the bulk material to a direct bandgap at the monolayer 

with an increased bandgap value.11 For instance, the MoS2 bulk indirect bandgap of ~1.3 eV 

increases to a direct bandgap of ~1.8 eV for a single layer of MoS2. The mechanism behind the 

thickness-dependent property is quantum confinement12–14 and the changes in the hybridization 

between pz orbitals on the S atoms and d orbitals on the Mo atoms. This thickness-dependent 

property in TMDs excited significant interest in engineering the band structure of TMDs via 

different methods, especially for optoelectronics and next-generation electronics. To better 

understand the possible electronic applications of TMDs, monolayer IVB- and VIB-based TMD 

materials with bandgap smaller than 2 eV are particularly investigated with their band alignment 

through density functional theory (DFT) calculations.15 Different TMDs in Figure 1.2c present 

distinct work functions and bandgaps,15 suggesting promising applications in, for example, tunnel 

field effect transistors to be discussed later.    

One of the most appealing properties of TMDs for their device applications is the innate 2D 

structural advantage. Since there is no covalent bonding between adjacent TMD layers, different 

types of TMD layers can be stacked primarily based on their electronic properties with much less 

concerns for lattice mismatch. The pristine interfaces in TMD-based heterostructures will 

significantly reduce the defects, dislocations, and stress issues related to conventional 

heterojunction interfaces. The strong covalent bonding within each layer enables the exfoliation 

of TMDs down to the monolayer (thickness of ~ 6 Å) and thus atomically thin TMD layers can 

readily be transferred on top of other substrates. 

There are two main categories for the production of thin TMD materials: exfoliation from 

bulk materials and synthesis. The mechanical exfoliation from a bulk geological crystal into 
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atomically thin flakes16 is the same technique as the graphene preparation described earlier and 

meets the requirements for fundamental characterization of TMDs and the fabrication of individual 

devices. Another exfoliation method makes use of the intercalation of TMDs by ionic species in a 

liquid. For example, the exfoliation of TMDs by lithium intercalation was demonstrated in the 

1970s17, which involved submerging bulk TMD powders in a lithium-based solution. The lithium 

ions intercalate between adjacent TMD layers and can separate the TMD layers after reacting 

vigorously with the water. However, the exfoliation method loses the precise control of flake 

thickness and size, making it hard to be compatible with wafer-scale fabrication. In addition, it has 

been revealed that great variations in terms of defect density, conductivity type, and unintentional 

doping exist for geological TMD materials even on the same sample18–20, which causes many 

uncertainties for the study of the intrinsic properties of TMDs. 

Another category of TMD production, bottom-up approach, involves the synthesis of a certain 

layer number of TMDs on a variety of substrates. The most common synthesis method, chemical 

vapor deposition (CVD), has been demonstrated for synthesizing large-area and uniform layers of 

MoS2,
21–23 usually involving different solid precursors such as sulphur powder and MoO3 

powder,24 a thin layer of Mo and solid sulphur25, or (NH4)2MoS4 solution with sulphur gas.26 

However, the high temperature growth and potential issues with precursor purity are severe 

technical barriers for integrating high quality CVD-grown TMDs into Si CMOS platforms, 

particularly at the back-end-of-line where thermal budgets are typically limited to 450 °C or lower. 

Molecular beam epitaxy (MBE), to be discussed in detail, can alleviate these issues by combining 

high purity elemental sources and an ultra-high vacuum (UHV) growth environment with back-

end compatible growth temperatures. TMDs such as HfSe2, SnSe2, WSe2, MoTe2, and WTe2 have 
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all been grown by MBE with promising microstructure.27–32 In addition, low-temperature growth 

enabled by atomic layer deposition (ALD)33 and the scalable growth on different substrates 

demonstrated by pulsed laser deposition (PLD)34 provide more references for developing TMD 

synthesis. 

 
Figure 1.1. (a) Different transition metal and chalcogen elements (highlighted) available for 

layered TMD compounds. The partially highlighted Co, Rh, Ir and Ni suggest only some of the 

dichalcogenides are layered TMDs. (b) The layered structure of TMD compounds with metal 

atoms and chalcogen atoms labeled with black and yellow color, respectively. (c) Two different 

types of coordination (trigonal prismatic and octahedral) for chalcogen atoms in the unit cell of 

TMDs. (d) The three types of stacking order (1T, 2H and 3R) for TMD layers. Figure 1.1a,c are 

adapted by permission from Macmillan Publishers Ltd: [Nature Chemistry] (ref. [5]), copyright 

(2013). Figure 1.1b,d are adapted by permission from Macmillan Publishers Ltd: [Nature 

Nanotechnology] (ref. [6]), copyright (2012).    
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Figure 1.2. (a-b) The d-orbital splitting conditions for trigonal prismatic coordination and 

octahedral coordination in TMD unit cell. Reprinted from ref. [10], with the permission of AIP 

Publishing. (c) Band alignment of monolayer semiconducting TMDs and monolayer SnS2, 

suggesting the distinct difference of work function and bandgap. The Fermi level is indicated by 

the horizontal line, and the vacuum level is at 0 eV. Reprinted from ref. [15], with the permission 

of AIP Publishing.  

 

 

1.2 Tunnel field effect transistors 

The concept of tunnel field effect transistors (TFETs) was proposed35 to solve the problems 

of low Ion/Ioff ratio and high supply voltage involved with ultra-low-power electronics. Since the 

process of scaling down the transistor size is approaching its physical limits after decades of 

successful development, more research focus was put on cutting down the power consumption. 

Active power consumption consists of dynamic power consumption (logic switching) and leakage 

power consumption (chip idle mode). Compared to the leakage power, which is closely related to 

the subthreshold leakage and gate leakage, the dynamic power consumption can be effectively 

reduced by reducing the supply voltage, Vdd.
36 However, the scaling strategy over the past few 

decades has not yet achieved the improvement to match the development of other device 

parameters. One of the most critical factors is the subthreshold swing (SS) limit for conventional 

MOSFETs, where theoretically, for device operation at 300 K, at least 60 mV gate voltage 
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modulation is required to change the drain current by one order of magnitude. In order to have a 

better understanding of this fundamental limit and search for a possible breakthrough, we start 

with a derivation of the subthreshold swing equation.  

The basic principle of a conventional MOSFET is just as a switch that regulates the current 

flow from source to drain via the control of the gate voltage (Figure 1.3a).37 In the off-state, an 

energy barrier formed between the source and channel prevents most carriers from flowing through 

the junction. When a gate voltage is applied, the barrier height of the junction is reduced and the 

density of electrons with energy above the barrier increases exponentially as shown in Figure 

1.3b.37 This current control via the mechanism of carrier thermionic emission is correlated with 

the electron energy distribution which can be explained quantitively.38 

Only electrons with energy above the barrier will contribute to the diffusion current in the 

channel. The electron density per unit area at the source end can be derived by integration over the 

depletion width as: 

N(s) = 𝑛𝑝𝑜 ∫ exp (𝜓𝑠 ∙
𝑞

𝑘𝑇
)𝑑𝜓𝑠

0

𝜓𝑠
≈ √

𝜀𝑠

2𝑞𝜓𝑠𝑁𝐴
𝑛𝑝𝑜exp(𝜓𝑠 ∙

𝑞

𝑘𝑇
),  

where k is Boltzmann constant, T is the absolute temperature, q is electronic charge, εs is dielectric 

constant, npo is the electron concentration in the p-type channel, NA is the acceptor doping 

concentration in the channel, and ψs is surface potential.39 This equation suggests that the electron 

density is increasing exponentially with the surface potential. According to the Boltzmann relation, 

the electron density at the drain end can be expressed as:  

N(d) = N(s)  ∙ exp(−𝑉𝐷𝑆 ∙
𝑞

𝑘𝑇
). 

We can calculate the drain current as 
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 𝐼𝐷 = 𝑍𝑞𝐷𝑛
𝑁(𝑠)−𝑁(𝑑)

𝐿
≈ Z𝜇𝑛(𝑘𝑇)

2/𝐿𝑞2√
𝜀𝑠𝑞

2𝜓𝑠𝑁𝐴
𝑛𝑝𝑜exp(𝜓𝑠 ∙

𝑞

𝑘𝑇
). 

For the relationship between the gate voltage and the surface potential,  

𝑉𝐺 − 𝑉𝐹𝐵 =𝜓𝑠 +
√2𝜀𝑠𝜓𝑠𝑞𝑁𝐴

𝐶𝑜𝑥
  , 

and the change of gate voltage with the surface potential can be found as 

𝑑𝑉𝐺

𝑑𝜓𝑠
= 1 +

1

𝐶𝑜𝑥
√
𝜀𝑠𝑞𝑁𝐴

2𝜓𝑠
=

𝐶𝑜𝑥+𝐶𝐷

𝐶𝑜𝑥
 , 

where Cox and CD is the oxide and depletion capacitance, respectively.39 Finally, the subthreshold 

swing is defined as:  

S ≡ (ln10)
𝑑𝑉𝐺

𝑑𝑙𝑛𝐼𝐷
= (𝑙𝑛10)

𝑑𝑉𝐺

𝑑𝜓𝑠∙
𝑞

𝑘𝑇

= (ln10)(
kT

q
)(

𝐶𝑜𝑥+𝐶𝐷

𝐶𝑜𝑥
), 

where theoretically the subthreshold swing is 60 mV/dec for a MOSFET at room temperature since 

the term 
𝐶𝑜𝑥+𝐶𝐷

𝐶𝑜𝑥
 has to be more than 1. With the presence of interface traps in real MOSFET 

devices,39 the subthreshold swing becomes even higher as the term 
𝐶𝑜𝑥+𝐶𝐷

𝐶𝑜𝑥
 is modified to 

𝐶𝑜𝑥+𝐶𝐷+𝐶𝑖𝑡

𝐶𝑜𝑥
.  

To realize a lower supply voltage, a much steeper slope of Id-Vgs with subthreshold swing 

below 60 mV/dec is desired. The concept of making carriers tunnel from the conduction band of 

the source to the valence band of the drain instead of thermionically going over an energy barrier 

was first demonstrated experimentally in carbon nanotube transistors to break the 60 mV/dec 

limit.35 This gate controlled band-to-band tunneling (BTBT) avoids the thermionic emission 

mechanism of the conventional MOSFET and has been investigated extensively both theoretically 

and experimentally over the recent years.40–43        
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Conventionally, TFETs can be achieved through a p-i-n homojunction structure as shown in 

Figure 1.3c.43 When the TFET is in the off-state, the valence band edge of the channel is below 

the minimum conduction band edge of the source, thus the probability of BTBT is negligible. After 

the negative gate bias is applied, the channel will turn on once the channel valence band maximum 

has been lifted above the source conduction band edge. Because the empty states in the channel 

are limited to the energy window ∆𝛷, the high-energy part of the Fermi distribution out of the 

window ∆𝛷 in the source is effectively cut off. Only electrons within this energy window ∆𝛷 can 

tunnel through the barrier. This filter mechanism gets rid of the conventional electron density 

distribution described above, making it possible to achieve a SS below 60 mV/decade. However, 

since both the tunneling energy window and tunneling width can effectively be changed by the 

gate voltage, the subthreshold slope is not constant and increases with Vgs as shown in Figure 

1.3d.43 Therefore, TFETs are usually operated with low supply voltage to take full advantage of 

the low subthreshold swing. 

The goal for TFET optimization is to keep the subthreshold swing below 60 mV per decade 

over many orders of magnitude of drain current. One strategy for the TFET optimization is to 

realize high on-state current, which is closely related to the transmission probability of the 

interband tunneling barrier. This barrier can be estimated roughly by the triangular potential, as 

indicated by the grey shading in Figure 1.3c.43 The probability of transmission can be calculated 

by the Wentzel-Kramer-Brillouin (WKB) approximation, 

𝑇𝑤𝑘𝑏 ≈ exp[−
4𝜆√2𝑚∗𝐸𝑔

1.5

3𝑞ħ(𝐸𝑔+∆𝛷)
], 

where m* is the effective mass of the tunneling particle, Eg is the bandgap, and ∆𝛷 is the energy 

difference between the minimum of the conduction band in the source and the maximum of the 
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valence band in the channel. The screening tunneling length 𝜆 is the spatial extent of the transition 

region at the source-channel interface and depends on the specific device geometry, as follows: 

λ = √𝑡𝑜𝑥𝑡𝑏𝑜𝑑𝑦
𝜀𝑏𝑜𝑑𝑦

𝜀𝑜𝑥
 

 It is observed that the increase of Vgs reduces λ and increases the energy difference ∆𝛷. This 

confirms that the smallest subthreshold slope value occurs at the lowest gate voltage. From the 

equation above, it can also be found that the lower band-gap, low effective mass materials with 

thin body thickness will lead to higher on-state current.42  

To truly fabricate the TFETs with low subthreshold slope and high Ion/Ioff ratio, extensive 

investigation has been done.35,41,43,44 However, due to the large indirect energy band gap for the 

conventional silicon TFETs, BTBT is dominated by optical phonon-assisted tunneling. Therefore, 

the subthreshold swings and on-state current for Si-based TFETs fail to meet expectations. For 

direct band gap III-V materials which do not require the assistance of phonons during the tunneling 

process, the interfacial defects caused by dangling bonds will have a great influence on the 

subthreshold swings.45,46 In addition, scaling down the body thickness for conventional 3D 

semiconductors will encounter issues such as scattering effects caused by the high surface 

roughness and the rapid increase of the bandgap due to quantum confinement. Scattering effects 

will lower the carrier mobility and the increased bandgap will impact the on-state current by 

reducing the tunneling probability. This has led to the exploration of novel materials for the 

realization of TFETs.   
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Figure 1.3. (a) Schematic structure of silicon-based n-type MOSFET, and (b) corresponding band 

diagram for on-state and off-state of the device, indicating the control of thermionic emission 

carriers by changing the energy barrier height, Adapted from ref. [37]. Copyright (2015) IEEE. (c) 

Schematic band diagram for the operation of TFETs: for off state, electrons from the source are 

unable to tunnel through the barrier due to the absence of empty states in the channel region; After 

the gate voltage is applied, the channel valence band is lifted up above the source conduction band, 

leaving the electrons an energy window for tunneling. (d) Corresponding ID-VG plot of TFETs, 

suggesting the change of subthreshold swing with gate voltage. Adapted by permission from 

Macmillan Publishers Ltd: [Nature] (ref. [43]), copyright (2011).     

 

 

1.3 Molecular beam epitaxy 

1.3.1 Conventional MBE theory 

Molecular beam epitaxy (MBE), with the basis of ultrahigh vacuum evaporation, has 

advanced to be a powerful technique for the high-quality epitaxial growth of thin films via the 

precise control of beam fluxes and growth conditions. It originated from Günther’s idea of 

depositing molecular beams of constituent elements onto a substrate with elevated temperature to 

obtain stoichiometric InAs and InSb polycrystalline films on a glass substrate.47 Later, Arthur and 

Cho investigated the kinetics and molecular interactions related to the growth process of GaAs and 

the technique described was then developed into what we recognize today as MBE.48–50 The 
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scaling of electronic devices has pushed the study of film growth into the atomic thickness range 

where issues related to material interfaces and quantum effects play a critical role in device 

performance. With the advantage of precise control of the stoichiometry and minimal impurities 

during crystal growth, MBE can meet these higher requirements.      

The schematic of an MBE system is shown in Figure 1.4a, consisting of three zones: the 

molecular beam generation zone, the vapor elements mixing zone, and the substrate crystallization 

zone.51 The beam flux is typically evaporated from the solid sources. Since the mean free path of 

the molecules in UHV is usually much longer than the distance from the MBE source to the 

substrate, molecules from different cells interact with one another only at the substrate without any 

scattering by residual gas molecules. The epitaxial growth process occurs on the surface of the 

substrates, mainly including two stages for the impinging molecules as show in Figure 1.4b: 

1) adsorption or immediate re-evaporation of arrival molecules from the solid source 

evaporation, 

2) for the adsorbed molecules: surface diffusion, incorporation into the grown film, or 

desorption into vacuum.51 

The kinetic processes involved in MBE growth start from the impinging molecules evaporated 

from corresponding elemental sources. Since the substrate temperature is usually lower than the 

elemental source temperature, the arrival molecules may re-evaporate directly without any energy 

exchange with the substrate. Other molecules will reach thermal equilibrium after losing some of 

their kinetic energy to the surface during the collision with the substrate. Most atoms attached on 

the surface at this stage are still physisorbed species. These physisorbed molecules, referred to as 

adatoms,52 can diffuse on the substrate surface. Some of the mobile adatoms will end up attaching 
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to the crystal sites becoming chemisorbed molecules. The possible attachment sites can be a 

dangling bond, a vacancy, or step edges from either the substrate or a grown epilayer. For the 

substrate without steps or defects, the growth of an epilayer depends on the aggregation of a certain 

number of mobile adatoms into stable clusters. This type of nucleation involves the kinetic balance 

of the cluster size. For clusters with atom size less than or equal to i*, they are still unstable with a 

certain probability of losing adatoms to decay. Once the size of the cluster reaches i*+1, it is 

considered a stable nucleus which can capture more adatoms on the surface. The critical nucleus 

size i* here is not fixed but changes for different materials as well as the specific growth conditions 

such as beam flux and growth temperature. More can be found about the critical nucleus size in 

the WSe2 and W trimer discussion in Chapter 3. The process for the build-up of stable nuclei can 

be regarded as the real “growth” stage of MBE and according to different surface tension 

comparisons they are classified as different growth modes.   

 
Figure 1.4. (a) Schematic drawing of essential components for MBE, showing three different zones 

for the epitaxial growth process. (b) Illustration of surface kinetics for a conventional MBE growth 

process, indicating different possible conditions for the impinging molecules onto the heated 

substrate. Adapted from ref. [51] with permission of Springer-Verlag New York Inc.  
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Three possible modes of growth (Figure 1.5) could occur for the MBE crystal growth of 

conventional materials: the Frank-van der Merwe (layer-by-layer) mode, the Stranski-Krastanov 

(layer-plus-island) mode, and the Volmer-Weber (3D islands) mode.53 Different growth modes 

can be determined according to the balance between the surface free energy comparison of the 

epilayer (γe), the substrate (γs), and the interface (γint).
52     

For the case of Frank-van der Merwe growth in Figure 1.5a, the surface free energy of the 

substrate is larger than the total of surface free energy of the epilayer and the interface, as: 

𝛾𝑠 > 𝛾𝑒 + 𝛾𝑖𝑛𝑡 

The energy balance prefers to maximize the area covered by the grown epilayer due to the 

relatively higher surface free energy. In this case, the epilayer will grow smoothly one atomic layer 

at a time. This layer-by-layer growth with unlimited duration is more likely to occur for 

homoepitaxial growth where γe = γs and γint = 0 due to zero strain between the epilayer and the 

substrate.  

For the case of Volmer-Weber growth as shown in Figure 1.5c, the condition changes to  

𝛾𝑠 < 𝛾𝑒 + 𝛾𝑖𝑛𝑡 

The energy balance requires a minimum area of the grown epilayer. Stronger interactions occur 

between epilayers than those between the epilayer and substrate. The crystal will grow in the form 

of 3D islands on the substrate.   

For the case of Stranski-Krastanov growth in Figure 1.5b, the initial condition is similar to the 

layer-by-layer growth mode with the surface free energy of γs larger than γe + γint. The epilayer 

will initially grow smoothly since there is a strong interaction between the deposited film and the 

substrate. Strain will form and elastic energy will be stored if there exists lattice mismatch between 
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the epilayer and the substrate. As the growth continues, the grown epilayer will become the 

“substrate” for the new impinging molecules and the influence of the original substrate will 

gradually reduce, resulting in the critical condition:  

 𝛾𝑠 = 𝛾𝑒 + 𝛾𝑖𝑛𝑡 

After this point, the increasing γint due to the strained epilayer and reduced γs with film thickness 

will transform the growth into that of 3D island growth. New arrival molecules will begin to form 

islands on top of the smoothly grown initial epilayers. This layer-plus-island growth mode 

describes many examples of heteroepitaxy where after a certain number of grown layers, γs and γe 

become almost identical for the growth on an already grown epilayer. The initially satisfied 

condition for layer-by-layer growth breaks down. The positive γint caused by the strained epilayer 

will accelerate the development to island growth.  

This classification of these growth modes, with the prerequisite of near-equilibrium growth 

conditions, only considers the thermodynamics related to MBE growth. However, heteroepitaxy 

is typically performed far from equilibrium. Special attention should be paid when using these 

growth modes to describe the MBE growth of novel materials like TMDs.52 In real cases, the 

epitaxial growth might deviate from the theoretical predictions due to kinetic issues, where effects 

make it hard to define the exact growth mode. More discussion related to the kinetics and 

thermodynamics of MBE growth can be found in the WSe2 nucleation and growth study in Chapter 

3.  
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Figure 1.5. Three epitaxial growth mechanisms: (a) Frank–van-der-Merwe growth mode (b) 

Stranski–Krastanov growth mode, and (c) Volmer–Weber growth mode. 

 

 

1.3.2 van der Waals epitaxy 

The concept of van der Waals epitaxy (VDWE) was first introduced by Atsushi Koma in 1984 

by demonstrating the MBE growth of layered NbSe2 on 2H-MoS2.
54 Following NbSe2 growth, 

distinct changes in the Reflection High Energy Electron Diffraction (RHEED) pattern and Low-

Energy Electron-Loss Spectroscopy (LEELS) spectra indicated that smooth, crystalline NbSe2 

with sub-nanometer thickness could be grown on MoS2 despite the 10% lattice mismatch. For the 

traditional 3D materials, MBE has a strict requirement on the lattice matching between the 

substrate and the epitaxial film. The dangling bonds on the clean surface during growth results in 

a strained epilayer if lattice mismatch exists at the interface as shown in Figure 1.6a. These strains 

are the precursors to defects and dislocations at the interface, greatly influencing the quality of 

heterojunction. To make full use of the advantage of MBE for the fabrication of heterojunctions 

with abrupt interfaces, material candidates with minimum lattice mismatch are preferred which 

limits the choices for heterojunction combination. However, this constraint is no longer true for 

2D materials. Due to the very low density of dangling bonds and the weak interaction between 

interfaces, these layered 2D materials have a relaxed lattice matching condition (Figure 1.6b).55–59 
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2D heterostructures have previously been shown to be of relatively high crystalline quality even 

when grown on a substrate with 58% lattice mismatch.60
 VDWE was initially demonstrated only 

for TMDs grown on another layered material with the absence of dangling bonds. Later, this 

concept was further extended to the MBE growth on passivated 3D crystal substrates as shown in 

Figure 1.6c. The dangling bonds from 3D material substrates can be effectively terminated by 

selected atoms, resulting in an inactive surface similar to the cleaved surface of 2D materials.61,62 

VDWE was demonstrated with a sharp interface and no misfit dislocations on these 3D substrates 

as well. Recently, smooth single-crystal 2D GaAs growth has been successfully integrated on a 

silicon substrate with the assistance of a graphene buffer layer, suggesting again the great potential 

of VDWE in heteroepitaxial systems.63    

 
Figure 1.6. Schematic interface conditions for (a) 3D materials grown on 3D substrates with 

dangling bonds and considerable lattice mismatch induces defects and strains at the interface, (b) 

2D materials grown on 2D substrates without dangling bonds but only a van der Waals gap, 

relaxing the criteria of lattice matching for MBE growth and, (c) 2D materials grown on an inactive 

surface of a 3D substrate terminated by dangling-bond-free atoms, extending the concept of 

VDWE for wider heterojunction applications. Figures (a)-(c) adapted with permission from 

Welcome to van der Waals epitaxy! (http://van-der-waals-epitaxy.info) © 2012. 
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In terms of MBE growth parameters for TMD materials, although the research topics were 

expanded from Professor Koma’s pioneer attempt of NbSe2
54 to other TMD candidates such as 

MoSe2, SnSe2 and TiSe2,
62,64 detailed growth parameters especially the chalcogen/metal (C/M) 

flux ratio were not specifically mentioned in most of the papers published in the 1990s. Table 1.1 

is the summary of typical growth parameters from the MBE-grown TMD literature.  

Table 1.1. Summary of experimental parameters for MBE-grown TMDs   

 TMDs Substrate Substrate 

temperature (°C) 

C/M flux ratio Growth rate 

(nm/min) 

154 NbSe2 MoS2 700 5 0.6  

261 NbSe2 GaAs (111) 500-650 15 0.3  

365 SnSe2 HOPG 200 6 0.3 

466 HfSe2 AlN 570 15 0.6 

567 MoSe2 HOPG 400 15 0.008 

668 WSe2 graphene 400 30 0.06 

729 MoTe2 MoS2 25-350 not mentioned 0.05 

 

 

1.4 Motivation 

1.4.1 TMD-based TFETs 

As described in the TFET introduction section, silicon-based and III-V materials have limited 

intrinsic properties for their application in TFET devices. The first demonstration of experimental 

TFETs via carbon nanotube transistors suggested a promising future using novel materials for the 

TFET application. The TMD materials stand out in the TFET candidate exploration due to their 

unique structural and electronic properties at the atomic thickness scale. Another impressive 

feature of TMD materials comes from its characteristic surface where all the bonds are (in theory) 

satisfied on the basal plane with an absence of dangling bonds on the surface. Therefore, it is 

expected that reduced defect states would enhance the electrical performance of TMD-based 
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TFETs.69 Additionally, better gate modulation is predicted on the thin and planar 2D structure of 

a TMD channel, leading to improved tunneling current.  

As introduced previously about the different options of transition metal as well as chalcogen, 

TMD candidates with different combinations provide a variety of band alignments as shown in 

Figure 1.2b. It has been proposed that TFET heterostructures composed of two different 2D 

crystals with deliberately designed band alignment can significantly increase the on-state current 

with an external perpendicular electric field.70 The desired band offsets for this case of 

heterojunction can be staggered (type II) or broken (type III) gap band alignments as shown in 

Figure 1.7b-c, which has already achieved record on-state current of TFETs in III-V materials.71         

 
Figure 1.7. Three different types of band alignment for heterojunctions: (a) type-I, straddled gap 

band offsets, (b) type-II, staggered gap band offsets, and (c) type-III, broken gap band offsets. The 

latter two types have been demonstrated to be critical for the enhancement of on-state current in 

TFETs. 

 

 

1.4.2 MBE-grown TMDs 

The majority of TMD-based devices reported in the literature to date have used exfoliated 

geological materials.72–76 However, the geological TMD crystals, along with those produced by 

chemical vapor transport (CVT), have been shown to have a high density of structural defects, 

high impurity levels, and a large degree of variability across the same sample surface.18–20,77 FETs 
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fabricated on MoS2 usually exhibit n-type characteristics without any intentional doping,78 

confirming again the considerable impurities in the geological TMD materials.  

CVD synthesis has been demonstrated to be an effective method to achieve large-area TMD 

crystals with good control of the film thickness.22,23,79 However, the growth temperature for CVD-

grown TMDs is usually above 700 ̊C22,23,80 and potential issues with precursor purity are severe 

limiting factors for integrating high quality CVD-grown TMDs and the fabrication of TFET 

heterojunctions composed of two different TMDs.  

MBE is a promising growth method for TMDs, and heterostructures thereof, due to the 

potential of enhanced quality provided by a combination of high purity elemental sources and 

growth in an UHV system. Intrinsic characteristic properties of various MBE-grown TMDs, as 

shown in Figure 1.8, have been studied using different characterization techniques such as 

scanning tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (ARPES). 

However, the limited grain size (< 200 nm) for TMDs grown by MBE reported in the literature 

thus far is unsuitable for high-performance device applications.28–31,53,56,81–89 Most of these results 

exhibit films with almost full surface coverage consisting of these small grains as shown in Figure 

1.9, indicating a high density of nucleation and grain boundary formation in the film. For better 

implementation of MBE-grown TMDs in electrical device structures, significant improvement of 

TMD grain size is essential. 

Although MBE growth of different TMD materials has been accomplished, a detailed study 

on the nucleation and growth mechanism of TMDs has not been explored yet. The issues 

highlighted of applying the traditional classification of growth modes to 2D materials with quite 

different properties should be avoided. These growth modes are generalized based on surface free 
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energy comparisons between the deposited film and the substrate52, which includes the implicit 

assumption that the out-of-plane interaction of the material under deposition are comparable with 

the in-plane interaction. However, a quick preview of TMD structural properties indicates that the 

in-plane interaction in these materials is dominant over both out-of-plane interactions (epilayer-

substrate and epilayer-epilayer). The dangling-bond-free surface of the ideal TMD crystal can, in 

theory, enable layer-by-layer growth, which is in contrast with the observations of fractal 

morphology and small grain size shown in Figure 1.9. These discrepancies suggest the influence 

of kinetic factors during epitaxial growth and call for a more fundamental investigation into the 

growth mechanism of MBE-grown TMDs. This mechanism study is also consistent with the goal 

of improving grain size of TMDs since an effective strategy can only be achieved with a thorough 

understanding of the fundamental issues related to the MBE growth of TMDs. 

 
Figure 1.8. MBE-grown TMDs results from the literature: (a) high resolution STM image of 

MoSe2 grown on bilayer graphene. Adapted by permission from Macmillan Publishers Ltd: 

[Nature Materials] (ref. [81]), copyright (2014). (b) ARPES data for MBE-grown monolayer WSe2 

on graphene. Adapted with permission from (ref. [66]). Copyright (2016) American Chemical 

Society. (c) STM image of MoTe2 grown on HOPG with the coexistence of both the 2H and 1T’ 

phases. Adapted with permission from (ref. [89]). Copyright (2017) American Chemical Society.   
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Figure 1.9. TMD films grown by MBE have limited grain size: MoSe2 on (a-b) HOPG or (c) 

graphene, (d) MoTe2 on MoS2. Figure 1.9a is adapted from ref. [85]. Copyright 2015 IOP 

Publishing Ltd. Figure 1.9b is adapted with permission from (ref. [88]). Copyright (2016) 

American Chemical Society. Figure 1.9c is adapted from ref. [30]. Copyright 2015 IOP Publishing 

Ltd. Figure 1.9d is adapted from ref. [29]. Copyright 2015 IOP Publishing Ltd.   

 

 

1.4.3 Device integration and TMD alloy compounds 

Integrating MBE-grown TMDs into device fabrication process flows will further push the 

development of TMD applications. Currently, the transfer of 2D flakes from one substrate to a 

target substrate is prevalent for the integration of 2D materials into device fabrication.90 Examples 

of transfer techniques include the direct peel-stick method,91 dry transfer using 

polydimethylsiloxane (PDMS) stamps,92 and wet transfer via poly(methyl methacrylate) 

(PMMA).93,94 However, these methods are generally attached with innate shortcomings such as 

incomplete removal of polymer residues93 and wrinkling of sheet structures from wet-process.95,96 
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The unstable quality control of the transfer technique is another technical barrier for industrial 

application of these materials. One of the reasons for needing a transfer technique for TMD-based 

device fabrication is the difficulty of direct growth of TMDs on target substrates, which are usually 

insulating substrates such as amorphous SiO2 layers. However, the aforementioned van der Waals 

epitaxy has a relaxed requirement of lattice matching. The weak van der Waals interactions 

between the substrate and epilayer might be tolerant enough to achieve crystalline growth of TMD 

materials on these amorphous layers. This would be of great value. 

Another potential breakthrough in the study of TMDs for device application is from the 

exploration of semiconducting TMDs with bandgaps less than 1 eV since the tunneling probability 

would increase if TMDs with smaller bandgaps are selected for channel materials as described in 

the TFET introduction section. The theoretical calculation shown in Figure 1.2c has predicted 

various bandgap options provided by TMDs. A straightforward attempt for sub-one-eV TMDs 

would be TMD alloys with mixed metal or mixed chalcogens. Proper control of the composition 

of TMD alloys is expected to engineer the bandgap of TMD alloys. Both theoretical calculations 

and experimental investigations have been performed lately,97–108 with topics including phase 

transition, stability, and structural, optical, and electronic properties. With the advantage of precise 

control of the beam flux and the stoichiometric ratio provided by MBE growth, we also 

investigated mixed alloy growth.     

1.5 Dissertation Outline 

In this dissertation, a series of studies focusing on MBE-grown TMD materials are presented. 

The growth of different TMDs was carried out in our three-chamber MBE cluster system and 

further characterization of the as-grown films were employed to provide a better understanding of 
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the intrinsic properties of the TMD films. Collaborations with other groups on first principle 

calculations, characterization, and TMD-based device fabrication were also performed to 

investigate the growth mechanism and device integration.  

The first and second chapter of this dissertation describes the background and motivation of 

this work on TMD materials and information on the experimental setup and characterization 

instruments. 

Chapter 3 presents the study of the nucleation and growth mechanism of WSe2 by MBE. The 

bulk MBE-grown WSe2 was characterized by various techniques to demonstrates the unique 

properties of van der Waals epitaxy. The issues of limited grain size and growth mode were 

discussed. Finally, a combination of well-designed experiments and first-principle calculations 

were carried out to investigate the nucleation and growth mechanism with a strategy for improving 

the grain size proposed.  

MBE growth of HfSe2 on different substrates is described in Chapter 4. The demonstration of 

van der Waals epitaxy without misfit dislocations is presented, and the feature of rotational 

alignment to the substrates is discussed. The MBE-grown HfSe2 exhibits consistent structural 

properties with HfSe2 crystals synthesized by other techniques, and the experimental band 

alignment of HfSe2 was determined. The MBE growth quality on different substrates was 

compared. Finally, the in-situ RHEED progression reveals interesting growth details of HfSe2.     

In Chapter 5, the MBE growth of WTe2 was performed and characterized to confirm its 

stoichiometry, phase, structural, and electronic properties. The surface reactivity was also 

investigated to explore the origin of film oxidation. WTexSe2-x alloys with different stoichiometry 

on HOPG substrates for bandgap engineering of TMDs are demonstrated. RHEED, XPS, and 
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Raman spectroscopy were employed to reveal the transition of the structural and chemical 

properties of the alloys as a function of Te composition. 

In Chapter 6, the MBE growth of WSe2 on different amorphous oxides was presented along 

with the reasons for the different growth quality on these substrates. The transport properties of 

MBE-grown WSe2 were evaluated using different FET device structures fabricated on the MBE-

grown WSe2. The transfer curves were analyzed to reveal the excellent device performance and 

methods for further optimization. 

Finally, the concluding remarks and future work related to the MBE-grown TMD materials 

and their application in TFETs were discussed in Chapter 7. 
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CHAPTER 2  

EXPERIMENTAL DETAILS 

 
2.1 Molecular beam epitaxy system 

The MBE tool used to perform this research is a three-chamber MBE cluster system consisting 

of three individual MBE subsystems: a group IV system for α-Sn and SiGe growth, a group III-V 

system for III-V, III-N, and h-BN growth, and a group II-VI system for TMDs and topological 

insulators (TI) growth. The photograph of the MBE system in our laboratory is shown in Figure 

2.1. These three subsystems are connected to each other through a transfer tube system (Pressure: 

~10-11 mbar) which enables the transfer of samples in-situ without exposure to air.  

 
Figure 2.1. A photograph of MBE cluster system in our lab. 

 

 

The MBE system we used for TMD synthesis is a VG-Semicon V80H system as shown in 

Figure 2.2 with two different views, composed of a fast entry lock (FEL), preparation chamber, 
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deposition chamber, outgas stage, transfer mechanism, and different kinds of pumps for the 

vacuum environment. 

 
Figure 2.2. (a) General view and (b) cut-away view of V80H system. Images are from VG-Semicon 

V80H MBE system operation manual.  

 

  

 The deposition chamber, where the TMD growth occurs, contains the substrate manipulator 

with monitoring ion gauge (MIG), wobble stick, deposition source cells with beam shutters, 

facilities for RHEED analysis, and viewports. 

2.1.1 Vacuum pumps 

Roughing pump After a sample is loaded, the first step to create vacuum in the FEL of the 

MBE system is to use a roughing pump, which in this case is KNF’s UN726FTP diaphragm pump 

as shown in Figure 2.3a. The working principle of a diaphragm pump is to utilize two flexible 

diaphragms which are connected by a shaft in the center. Two diaphragms, one drawing in and 

one expelling fluid, reciprocate back and forth to create a temporary vacuum chamber. Usually it 

takes about 15 minutes to pump down the pressure of the FEL to about 70 mbar.    
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Sorption pump After the FEL is pumped by the roughing pump, its pressure still needs more 

reduction before the turbo pump can pump it. We used the sorption pump setup as shown in Figure 

2.3b to remove this pressure gap. The principle of a sorption pump is that the gas molecules in the 

FEL are absorbed by the filling material (synthetic zeolite) in the vessels. The filling material is 

cooled down by immersing it in a Dewar flask filled with liquid nitrogen as shown in the left vessel 

of Figure 2.3b. The electrical heating jackets on the right vessel of Figure 2.3b are for regeneration 

of the sorption pump after the zeolite becomes saturated following several times of usage.  

Turbopump The last step for pumping down the FEL prior to opening to the preparation 

chamber is to use the turbopump shown in Figure 2.3c. The most critical part of a turbopump is 

the rotor and stator blade pair with the rotor blade rotating with a certain angle to the inlet of the 

pump. As the gas molecules enter the turbopump, they collide with the rotor blades and gain kinetic 

energy, which makes them go through the gas transfer holes in the stator blades and enter the next 

stage. They will collide with the rotor blade in the next stage and this process will repeat until they 

are pumped out through the exhaust. The turbopump is able to keep the pressure of the FEL under 

3 × 10-8 mbar.     

Ion pump An ion pump is used to maintain the vacuum status of the preparation chamber and 

the deposition chamber as shown in Figure 2.3d. The pump is composed of titanium cathode plates 

and tube-shaped anodes which are mounted together between the cathode plates. Strong permanent 

magnets cover the outside of the cathodes. Ion pumps can handle two different species: 

contaminants and neutral molecules such as N2 or O2. The ion pump starts with the cold cathode 

emission of electrons. The electrons move as a swirling cloud inside the anodes under the magnetic 

field. The collision between gas molecules in the chamber and electrons will cause the ionization 
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of these species, which are then attracted towards the cathode and are trapped there. During the 

collision of ions into the cathode, titanium atoms will be ejected and stick on the surface of the 

anodes. These titanium atoms react with the chemically active molecules such as N2 and O2. With 

the ion pump, the pressure of the preparation chamber can be maintained at 3 × 10-10 mbar. 

Cryo pump A cryo pump is employed to improve the vacuum pressure of the deposition 

chamber. The working principle of a cryo pump is very similar to a refrigerator. The cryo pump 

for our system is built by CTI-cryogenics, consisting of a compressor and a cold head. Helium is 

compressed by the separate compressor unit and transferred to the cold head as shown in Figure 

2.3e. The helium, with boiling point of ~4 K, will cool the helix in the cold head. The 

contamination in the chamber will get attracted and condensed on the surface close to the helix. 

With the cryo pump and ion pump both working on the deposition chamber, the chamber pressure 

can be maintained at 2 × 10-10 mbar.  

2.1.2 Source cells 

Depending on the melting temperature of the source for growth, different types of cells are 

selected: (1) Knudsen effusion cells, (2) e-beam evaporator, (3) thermal cracker cell.  

Knudsen cells, as shown in Figure 2.4a, are a common type of evaporation source for materials 

with low or moderate melting temperature, such as Se, Te, and Bi in our MBE system. It consists 

of a crucible, filled with evaporation material, and a cooling water system. During operation, the 

crucible is thermally heated by heater foil and a thermocouple inside gives the reading of 

temperature which is used by a proportional-integral-derivative (PID) controller to modulate the 

output power for stable crucible temperature.  
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Figure 2.3. Different pumps used for vacuum generation in the V80H MBE system: (a) roughing 

pump, (b) sorption pump, (c) turbopump, (d) ion pump, and (e) cryo pump.  

 

 

An e-beam evaporator is usually used for the evaporation of materials with high melting points 

such as Hf, Mo, and W in our MBE system. The e-beam evaporator in our system, as shown in 

Figure 2.4b, is fabricated by MBE-Komponenten with the model number of EBVV63-T4-S. It is 

similar to Knudsen cells except that the heating method is through electron beams. The electrons 

are generated, following the principle of thermionic emission, by passing current through a 

tungsten coil filament. The escaped electrons are accelerated along the electrostatic field line 

towards the lower edge of the anode plate. However, the lower edge of the cathode shield, close 

to the filament, induces a sharp bending of the field between the filament and anode as shown in 

Figure 2.4c. The electrons are forced to take an outer path, avoiding the anode completely. The 
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electron beam is then bent through a 270° arc due to the permanent magnetic field and hit on the 

target evaporation material surface.  

A thermal cracker cell is usually used for the evaporation and cracking of corrosive materials 

such as Se, Te, Sb, and As. The thermal cracker cell installed in our MBE system was fabricated 

by United Mineral & Chemical Corporation with the model number of TCC 40-130-54-K. This 

cell is used for Te due to the majority of merit species in the conventional evaporated Te flux being 

Te2 dimers. These Te2 dimers with large dissociation energies severely suppress the reactivity of 

WTe2 growth presented in Chapter 5. The thermal cracker cell is able to alleviate this issue with 

the schematic structure shown in Figure 2.4d. Three independent heaters control the different 

regions of the cell, enabling the precise and flexible adjustment of the Te flux. After the Te source 

in the crucible is evaporated, the valve region with higher setpoint prevents the condensation of 

Ten species, followed by the thermal dissociation of Ten into atomic Te at the cracker stage with 

higher temperature.   

 
Figure 2.4. (a) Drawing for a typical Knudsen cell (image is from VG-Semicon V80H MBE system 

operation manual). (b) E-beam evaporator used in our system. (c) Schematic illustration for the 

working principle of e-beam evaporator. Figure 2.4b,c are from the EBVV e-beam evaporator 

manual. (d) Schematic drawing for a thermal cracker cell.    
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2.1.3 Ion gauge  

In general, an ion gauge is used in an MBE system to monitor the chamber pressure. The ion 

gauge in operation is shown in Figure 2.5a, purchased from VG Scienta INC. with model number 

VIG18. As shown in Figure 2.5b, the electrons generated for the ionization of gas molecules in the 

chamber are emitted from a heated filament. Since a high voltage is applied between the filament 

(cathode) and the cylindrical grid (anode), the excited electrons are accelerated toward the grid 

under an electric field, colliding with the gas molecules which produce ions. The positive ions are 

collected by the ion collector in the center, contributing to current for the measurement of pressure. 

Higher vacuum pressure, with more gas molecules in vacuum, would produce more ions, leading 

to a higher current detected by the ion collector. The ion gauge is usually effective for the 

measurement of pressures below 1 × 10-4 mbar. 

 
Figure 2.5. (a) Ion gauge in operation in our lab, with the bright part being the heated filament. (b) 

Schematic drawing of the ion gauge operation principle: electrons emitted from the filament 

collide with the gas molecules in the chamber inducing the ionization of molecules. The ionized 

molecules are collected by collectors for current detection.  
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2.2 Atomic layer deposition  

Another versatile thin film deposition technique, atomic layer deposition (ALD), is based on 

the surface reactions with alternating gas-phase precursors. The ALD technique has attracted more 

and more attention from the semiconductor industry due to its great potential to provide atomically 

thin conformal films at relatively low growth temperature.  

Since the ALD process was employed in this work for the deposition of dielectric thin films 

such as HfO2 and Al2O3, we take the ALD-grown Al2O3 as an example to illustrate the detailed 

process. This process is composed of a cyclic four-steps after the desired substrate temperature is 

reached: (1) exposure of the first precursor (trimethyl-aluminum, TMA) onto the substrate surface 

within a fixed pulse time (0.015 s), (2) the purge of the unreacted precursors in the first step and 

reaction by-products for another amount of time (8 s), (3) the pulse of oxidant precursor (H2O) for 

a fixed time (0.015 s), and (4) the purge of unreacted precursors and reaction by-products for a 

certain time (8 s). These four steps are repeated until the desired film thickness is achieved. 

For the ALD-grown dielectrics on TMD surfaces, the dangling-bond-free surface with 

randomly distributed defects such as vacancies causes issues with conformal nucleation of 

dielectric films during the ALD process. To achieve high-quality ultra-thin uniformly grown 

dielectrics on 2D materials, surface functionalization such as UV-O3 treatment prior to the ALD 

process was adopted.109 

Two different ALD tools were used for the results discussed in this dissertation: the dielectrics 

grown on conventional SiO2/Si substrates by ALD was performed with a Cambridge NanoTech 

Savannah 100 ALD tool located in the UTD cleanroom. During TMD-based device fabrication, 

the dielectrics directly grown on the surface of the TMD materials were grown in collaboration 
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with Professor Robert Wallace’s group and performed on the Picosun SUNALETM ALD reactor 

by Dr. Angelica Azcatl. The metal-organic precursors for ALD-grown HfO2 and Al2O3 thin films 

are tetrakis(dimethylamido)-hafinium and trimethyl-aluminum (TMA), respectively. 

2.3 Reflection high energy electron diffraction  

Reflection high energy electron diffraction (RHEED) is an effective in-situ surface structural 

analysis method to record and monitor the information of the topmost surface during the MBE 

process. Surface reconstruction and morphological roughness of the sample can be conveniently 

studied through this method.  

The setup of RHEED mainly includes the electron gun, sample holder, and the phosphorescent 

screen. In order to obtain diffraction information from only the topmost surface, the incident 

glancing angle of electrons emitted from the electron gun should be very shallow (1° to 3°) to the 

surface. In addition, the limited penetration depth of electrons due to its short de Broglie 

wavelength (0.006-0.017 nm) also helps to restrain the characterization to the outermost few 

atomic layers.51 The diffracted electrons are projected onto the fluorescent screen inside the 

viewport of the vacuum chamber where the RHEED pattern can be recorded by camera. 

Here we use the Ewald sphere construction as shown in Figure 2.6 with side view and top 

view to illustrate the principle of RHEED.110 Since only elastic scattering is considered, the 

wavevectors for the incident and diffracted waves with the same length are drawn from the same 

origin and end at the so-called Ewald sphere. For the crystal materials to be analyzed by RHEED, 

the Fourier transform of this ordered atomic lattice is also a set of ordered dots (each representing 

one crystal orientation from real space) in reciprocal space. Given the fact that RHEED electrons 

only interact with, at most, the topmost layers of a sample, the corresponding k-space lattice for 
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these surface layers will become reciprocal rods standing perpendicularly to the sample surface in 

Figure 2.6a.111 According to Bragg’s law, the intersection between the Ewald sphere and the 

reciprocal lattices indicates the satisfaction of constructive interference, and the corresponding 

crystal plane orientation will be observed on RHEED screen. The intersection of the reciprocal 

rods and the Ewald sphere is a series of points in ideal cases as shown in Figure 2.6 and Figure 

2.7a, which should appear as diffraction spots on the screen.111 However, the electrons emitted 

from the RHEED gun, in reality, can’t have exactly the same kinetic energy, which results in the 

real Ewald sphere with certain thickness due to the slight variation of electron wavelength. In 

addition, the crystal to be measured could also have limited domain size as shown in Figure 2.7b, 

which causes the broadening of the reciprocal rods. Both effects would make the intersections 

between Ewald sphere and reciprocal rods change from ideal points to larger ellipses, leading to 

the elongated diffraction spots (streaks) in the RHEED pattern.  

Figure 2.7c shows a more complicated condition where the sample has a multilevel, stepped 

surface. The reciprocal rods are modulated to different shapes due to the destructive interference 

of the different terrace layers. When it is at the on-Bragg points, the reciprocal rods are a sharp 

“node” as only a few atomic-layer roughness would not be detected in the RHEED pattern. Under 

off-Bragg conditions, the reciprocal rods would become broader after the superpositions of 

differently spaced split rods caused by the destructive interference from many terrace steps. The 

corresponding RHEED patterns will be streaky pattern but with variations of intensity and width 

along each streak. 

Another case for RHEED patterns is shown in Figure 2.7d, where the sample is still single 

crystal but the roughness is high with islands on top of the surface. Due to the small glancing angle 
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of the electron beam, the region to be detected by the electron beam would no longer be the top 

surface of the sample but the bulk part of the 3D islands. In k-space, the reciprocal rods change to 

dots, the same as in a 3D crystal. The intersections of the Ewald sphere and the reciprocal points 

remain as a series of points, which is displayed as dots on the RHEED screen. In addition, if the 

grown islands on the surface have polycrystalline orientations which are not epitaxial to the surface 

as shown in Figure 2.8, the reciprocal space can be treated as a set of concentric spheres with 

different radii.112 The intersection of the Ewald sphere with each reciprocal sphere produces a 

circle, observed as a Debye ring in the RHEED pattern. Since the reciprocal spheres are concentric, 

the corresponding Debye rings would also be concentric. For the polycrystalline islands with 

preferred orientations, these rings will be broken into arcs, which can be found in the HfSe2 growth 

on graphite (Chapter 4) as an example.      

 
Figure 2.6. Schematic illustration of RHEED geometry with (a) side view and (b) top view. Ln is 

referred as the Laue zones of an ideal surface. The intersections between the Ewald sphere and the 

reciprocal rods are a series of dots, projecting on the RHEED screen for the ideal condition. 

Reprinted with permission from ref. [111]. Copyright (1983) American Physical Society.   
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Figure 2.7. Schematic drawings for different realistic cases of RHEED analysis: real-space 

morphology, reciprocal space, and the corresponding RHEED patterns.  

 

 

 
Figure 2.8. Schematics of RHEED analysis for the case of polycrystalline island growth on a 

substrate. Adapted with permission from ref. [112]. Copyright (2007) IOP Publishing.  

 

 

2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful technique for elemental analysis of a 

material’s near-surface region with the detection depth of ~10 nm. With its surface sensitive 

detection capability, the main purpose of XPS for our work includes the identification and 

quantification of elements contained in the sample, analysis of the chemical states of the 
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constituent elements and their stoichiometry, calculation of film thickness (< 10 nm), non-

destructive elemental depth profiles, and the determination of the band alignment. 

The basic setup for a conventional XPS spectrometer is shown in Figure 2.9, which includes 

the electron gun, aluminum anode, monochromator, sample stage, energy analyzer, and detector 

for data acquisition. In general, the electron gun will generate high-energy electrons, bombarding 

the Al anode which produces the X-rays with a continuous spectrum. The diffraction of photons 

from the monochromator will lead to photons of a single energy. The photons irradiating on the 

sample excite the emission of photoelectrons. After filtering, the remaining photoelectrons are 

collected in the multichannel detector for detection.  

 
Figure 2.9. Schematic drawing for the typical setup of an XPS spectrometer. X-ray beams are 

generated through the bombardment of an Al target by high-energy electrons. The photoelectrons 

are produced by the irradiation of monochromatic X-rays, filtered by the energy analyzer, and 

finally quantitatively collected by a detector.   

 

 

The fundamental physics principle involved in XPS is the photoelectric effect. During an XPS 

measurement, the generated monochromatic X-ray beam is illuminated on sample surface with a 

fixed incident angle. The photons with fixed energy of hυ excite the core level electrons to escape 

from the sample surface. The combination of analyzer and detector is employed to measure the 
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intensity of photons with a certain kinetic energy Ek. Since different elements possess 

characteristic binding energy (EBE) of inner shell electrons, the XPS results can be used to identify 

a specific element according to the correlation as below: 

ℎ𝜐 = 𝐸𝑘 + 𝛷𝑠𝑝 + 𝐸𝐵𝐸 

Where hυ is the energy of the incident X-ray photons, EBE and EK is the binding energy and kinetic 

energy of the emitted photoelectron, respectively, and 𝛷𝑠𝑝 is the work function of the spectrometer. 

The related energy band diagram is shown in Figure 2.10.113 In order to ensure the same Fermi 

level between the sample and the spectrometer as shown in Figure 2.10, samples with conducting 

substrates are preferred and electrically connected to the spectrometer. To obtain the work function 

of the spectrometer used in the XPS analysis, metals with known work functions are employed 

before conducting other XPS measurements. 

 
Figure 2.10. Schematic energy band alignment for XPS binding energy measurement of a 

conductive sample. Reproduced from ref. [113] with permission of Springer-Verlag New York 

Inc.    
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The XPS measurements for our work here were carried out ex-situ using a monochromated 

Al Kα source (hυ = 1486.7 eV) and an Omicron EA125 hemispherical analyzer from the Wallace 

lab described in detail elsewhere.114 The analyzer acceptance angle of 8, takeoff angle of 45, and 

pass energy of 15 eV were employed in this study. Spectra were deconvoluted using the curve-

fitting software AAnalyzer, and the stoichiometry of HfSe2, WSe2, and WTe2 films was 

determined using relative sensitivity factors for the Hf 4f, W 4f, Te 4d, and Se 3d core levels of 

2.05, 2.75, 1.39 and 0.67, respectively. The features were fit with Voigt line shapes with an active 

Shirley background subtraction.115 

2.5 Scanning tunneling microscopy 

Scanning tunneling microscopy (STM) has been widely employed to investigate nanoscale 

surface morphology and local electronic properties. STM is only sensitive to the top-most surface 

of a sample and the essential parts of an STM setup include a scanner, probe tip, feedback 

electronics, and a damping system suspended by four soft springs to reduce mechanical vibration. 

The basic operating principle of STM is based on quantum mechanical effects where a 

tunneling current is produced by the potential difference between the tip and the sample when the 

tip is brought very close to the sample surface. The expression for tunneling current is as follows: 

𝐼𝑡 = 𝑉𝑡exp(−𝐴𝛷
1/2𝑠)  

where, Φ is the average work function of the sample and the tip, A is a constant, and s is the 

separation distance between tip and sample surface. In this equation, the tunneling current is 

exponentially reduced with the increase of separation distance, enabling the surface sensitive 

features of STM measurements.  
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For the STM work performed at UTD by Dr. Rafik Addou in the Wallace Group, the surface 

structure of the materials (TMDs) was examined in a separate UHV chamber (base pressure ~ 

2×10-10 mbar) using an Omicron variable-temperature scanning tunneling microscope.114 All the 

STM images were obtained under constant current mode at room temperature, without any thermal 

treatment prior to imaging. The images were processed using WSxM software.116 The I-V spectra 

were obtained from an average of more than ten curves. 

2.6 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a useful characterization method to study the 

structural and morphological properties of crystalline materials as well as heterostructure 

interfaces. The main parts of a TEM system are the electron source, condenser lens, specimen 

stage, objective lens, intermediate lens, and projecting lens. The typical TEM ray path before and 

after the specimen is shown in Figure 2.11 as two parts: (a) condenser lens configuration for 

parallel-beam mode TEM, (b) diffraction mode, and (c) image mode for TEM imaging system.117    

The fundamental operating principle of TEM involves a beam of high-energy electrons going 

through the ultra-thin (< 100nm) specimen in a transmission mode. The sub-angstrom wavelength 

of accelerated electrons enables high resolution as small as 0.5 Å. After the accelerated beam of 

electrons impinge on the specimen, the transmitted electrons can be used to form the bright-

field/dark-field TEM images. Incident electrons can also excite the core level electrons in the 

nucleus and produce different kinds of electrons or X-rays for chemical analysis such as energy-

dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS).   
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Figure 2.11. (a) Schematic configuration and ray path of condenser lens in the parallel-beam mode 

of TEM, where the strength of the C2 lens can be adjusted to change the beam mode from parallel 

to convergent beam (C stands for condenser). Schematic illustration of basic TEM imaging system 

for (b) diffraction mode and (c) image mode by adjusting the strength of the intermediate lens. 

Adapted from ref. [117] with permission of Springer-Verlag New York Inc.  

 

 

The TEM related work presented in this dissertation was performed in Prof. Moon J. Kim’s 

lab and carried out by Dr. Xin Peng, Dr. Ning Lu, Mr. Zifan Che and Mr. Qingxiao Wang. TEM 

cross-sectional samples were made by FIB-SEM Nova 200 with a lift-out method. High-resolution 

TEM imaging was performed using a JEOL 2100F operated at 200 kV. High angle annular dark 

field (HAADF) scanning transmission electron microscopy (STEM) by JEM-ARM200F 

Transmission Electron Microscope was operated at 200 kV with probe spherical aberration (Cs) 

corrector for cross-section imaging and EELS analysis of TMD heterostructures. 
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2.7 X-ray diffraction  

X-ray diffraction (XRD) is an ex-situ technique to determine the structural information of 

crystals by measuring the angles and intensity of a diffracted beam. The working principle 

originates from a crystal under the illumination of monochromatic X-rays. As an illustrating 

example shown in Figure 2.12, three sets of X-ray beams are incident to the crystal with fixed 

interplanar spacing of d. The scattered beam from different planes of the crystal will lead to the 

differences in path length, which is essentially equivalent to a phase difference. It is well known 

that the waves will mutually reinforce one another when they are in the same phase. For certain 

incident angle θ, the path length difference will satisfy Bragg’s law if it is equal to an integer 

multiple of the X-ray wavelength: 

𝑛𝜆 = 2𝑑sin(𝜃)   

 
Figure 2.12. Illustration of Bragg’s law: the elastic scattering of parallel incident X-ray beams from 

different planes of a crystal produce a path length difference.  When the path difference equals an 

integer multiple of the wavelength, constructive interference (diffraction) occurs. 

 

 

A typical XRD setup shown in Figure 2.13 consists of an X-ray tube, sample stage, detector, 

and a series of slits for optics. The X-ray source, sample stage, and detector can rotate along 

different axes according to the different samples and purposes of measurements. For the 

measurement of crystal planes parallel to the sample surface, XRD is conducted in the theta-2theta 
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mode (out-of-plane), where both the incident beam and detector move by the same amount as 

shown in Figure 2.14a. For crystal planes tilted to the surface of the sample, the symmetry-

reflection measurement will not be effective due to the symmetric geometry requirement of 

Bragg’s law. In this case, using a fixed glancing incident angle (~0.1-0.5 degree) and rotating 

detector is adopted to maximize the detected intensity of the diffracted beam. This asymmetry-

reflection measurement, as shown in Figure 2.14b, is widely used for the measurement of 

polycrystalline materials with unknown orientation and powder samples. In addition to the out-of-

plane XRD measurements, in-plane XRD is another important mode for the study of the crystal 

planes (nearly) perpendicular to the sample surface and a nondestructive depth-profile analysis is 

enabled by using various incident angles. The view for the geometry of in-plane XRD is shown in 

Figure 2.14c, where the penetration of the incident X-ray beams can be controlled by the incident 

angle and the detector is moving along the in-plane direction (θχ). 

 
Figure 2.13. Schematic configuration of XRD instruments and optical geometry. 
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Figure 2.14. Geometries for different XRD measurements. For out-of-plane diffraction, 

symmetrical or asymmetrical reflection measurements are usually employed according to whether 

the crystal plane orientation is epitaxial to substrate surface or not. In-plane measurement is for 

the analysis of crystal plane perpendicular to the surface. 

 

 

Another scenario for XRD measurement is the investigation of texture information for a 

certain crystal orientation in space. An in-plane pole figure measurement is usually conducted to 

obtain the crystal orientation distribution. For in-plane pole figure measurements, the diffraction 

angle (2θ) is fixed according to the crystal plane of interest and ω (out-of-plane incident angle), 2θ 

(out-of-plane detector), θχ (in-plane detector), and φ (sample rotation around surface normal 

direction) are varied in a combination of ways to cover every possible direction of the certain 

crystal plane. The advantage of in-plane pole figures is the relaxed requirement of tilting the 

sample since the tilting angle (χ) with respect to the horizontal direction is fixed to zero all through 

the measurement. A detailed example of in-plane pole figure measurements for TMD materials 

grown on different substrates can be found in Chapter 6. 

Two different XRD instruments were used here in the study of TMD materials. A Rigaku 

Ultima III X-ray diffractometer system was employed for HfSe2 and WSe2 thin film diffraction 

characterization. Data was acquired in a symmetric geometry (2θ-θ scan) using parallel beam 

optics. The in-plane pole figure measurements of WSe2 thin films were performed on a new Rigaku 

Smartlab X-ray diffractometer system.  
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2.8 Atomic force microscopy 

Atomic force microscopy (AFM) is a conventional scanning technique by creating the 

topographic images of a sample surface. Depending on the type of tip motion, AFM can be utilized 

in three different modes, including contact mode, tapping mode, and non-contact mode. The forces 

between the tip and the sample surface could also be selected from mechanical contact forces, 

electrostatic forces, and magnetic forces. In general, the AFM set-up consists of a cantilever with 

a tip at the end, a piezo-scanner, and a laser beam deflection system. During the AFM measurement, 

the tip is brought near to the surface of the sample. The topographic features from the sample 

surface cause the deflection of the cantilever, which is detected by the position-sensitive detector. 

To evaluate the morphology of materials in this work, AFM measurements were carried out in air 

using a Veeco, Model 3100 Dimension V atomic probe microscope with a silicon tip (Si-OTESPA). 

The system was operated in tapping mode, and an amplitude voltage set point in the range of 200-

350 mV. 

2.9 Raman spectroscopy 

Raman Spectroscopy is a powerful characterization method to measure the Raman scattering 

within 2D materials studied in this work. This technique is based on inelastic photon scattering 

after the interaction between the electron cloud of molecules and the monochromatic laser beam. 

In contrast to the XPS technique where electron emission is involved, the photons illuminating on 

the sample in Raman spectroscopy only excite the molecules into the virtual energy states before 

the relaxation of these molecules and photons with different frequencies to the incident one being 

scattered. Scattered radiation with low or higher energy than the original ones are called stokes 

lines or anti-stokes lines, respectively. The characteristic energy shifts in Raman spectroscopy are 
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closely correlated to the different vibrational or rotational modes of the sample. Therefore, Raman 

spectroscopy can be used in material identification, residual strain confirmation, and carrier 

concentration determination. The main components for Raman spectroscopy consist of the laser, 

notch filter, and detector. The wavelength of the Raman laser commonly used for the setup is in 

the range of 480 ~ 1100 nm. 

Raman spectroscopy is a widely used method to identify TMDs and evaluate the crystal 

quality, film thickness, and strains within these 2D materials. For example, the peak positions of 

the main Raman modes are closely correlated with the number of layers in a TMD flake, allowing 

the determination the thickness in a nondestructive and convenient manner.118 
 
For bulk MoS2, the 

characteristic Raman peaks, as shown in Figure 2.15a, have a Raman shift of ~383 cm
–1 

and ~ 408 

cm
–1

 corresponding to the 𝐸2𝑔
1  (in-plane) and 𝐴1𝑔  (out-of-plane) vibrational modes, 

respectively.118 The 𝐸2𝑔
1  peak shifts to lower frequency while that of the 𝐴1𝑔 peak increases when 

reducing the layer thickness. In addition, Raman spectroscopy can be employed to identify the 

different phases of TMD materials as shown in Figure 2.15b-c. Apart from the slight peak position 

shift of Raman characteristic peaks for MoTe2 due to the film thickness, the Raman-active peaks 

are also quite different between the 1T’ phase MoTe2 and 2H phase MoTe2 as illustrated in the 

insets of Figure 2.15b-c.119    

For the work done in this dissertation, Raman spectra acquisition was performed in air with 

an Almega visible Raman spectrometer from Thermo Nicolet. The laser excitation wavelength is 

532 nm. 1% power and 0.4 nm scanning step were used in the Raman mapping characterization.  
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Figure 2.15. Layer dependence of characteristic Raman peak position for (a) MoS2, (b) 1T’ phase 

MoTe2, and (c) 2H phase MoTe2. Raman vibration modes are different for different phases of 

MoTe2 as shown in the insets of (b) and (c). Figure 2.15a is adapted with permission from ref. 

[118]. Copyright © 2012 by John Wiley Sons, Inc. Figure 2.15b,c are adapted by permission from 

Macmillan Publisher Ltd: [Nature Physics] (ref. [119]) Copyright (2015).   

 

 

2.10 Band alignment measurements 

To obtain the band alignment of TMD materials grown by MBE, a series of ex-situ 

measurements in conjunction with XPS measurements were performed in collaboration with 

Professor Julia Hsu’s group and performed by Dr. Jian Wang and Dr. Diego Barrera.  

2.10.1 Photoelectron spectroscopy  

Apart from the X-ray photoelectron spectroscopy carried out in vacuum, photoelectron 

spectrometry can also be performed in air, whose basic setup is shown in Figure 2.16. The 

photoelectrons are excited by UV photons and an open counter is used to detect the ejected 

electrons in air. With the help of quenching and a suppresser grid, the photoelectrons induce an 

electron avalanche in air and an electric pulse is detected on the anode.120 By changing the energy 

of monochromatic incident UV photons, the change of corresponding electron yield is observed 

and plotted, where the ionization energy can be extracted.  
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To measure the ionization energy of MBE-grown TMD materials presented in this dissertation, 

samples were measured by photoelectron spectroscopy in air (AC2, RKI instrument) at an 

excitation power of 100 nW. 

 
Figure 2.16. Illustration for the main components and working principle of photoelectron 

spectroscopy in air.  

 

 

2.10.2 Kelvin Probe  

The operating theory of the Kelvin Probe originated from the induced potential between the 

surfaces of two materials with different work functions. If we treat the surfaces of these two 

materials as the parallel pates of a capacitor and change the spatial distance between the two plates, 

a flow of charge should be detected due to the varying capacitance. However, when we apply a 

counter potential until the surface charges disappear, at that point the counter potential will equal 

the work function difference between these two materials. In a practical measurement, a tip made 

of known material (and work function) is employed and is vibrated near the surface of the sample, 

which causes an AC current in the circuit due to the oscillating capacitance. Adjusting the counter 

potential to match the AC current will yield the contact potential difference. 
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The work function measurements in this dissertation were measured in air (in the dark) using 

a Kelvin probe (KP Technology) with a stainless-steel tip (2 mm diameter, ~ 4.2 eV work 

function). Before sample measurements, the tip work function is calibrated against a piece of 100 

nm thick gold sample. The work function of the gold sample stored in air is ~5.1 eV,121 which is 

also confirmed by photoelectron spectroscopy in air. 
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CHAPTER 3  

NUCLEATION AND GROWTH OF WSE2 

 

3.1 Abstract 

In this chapter, the fundamental nucleation and growth behavior of WSe2 is investigated 

through a detailed experimental design combined with on-lattice, diffusion-based first principles 

kinetic modeling to enable large area TMD growth. A three-stage adsorption-diffusion-attachment 

mechanism is identified and the adatom stage is revealed to play a significant role on the nucleation 

behavior. To limit the nucleation density and promote 2D layered growth, it is necessary to have 

a low metal flux in conjunction with an elevated substrate temperature. At the same time, providing 

a Se-rich environment further limits the formation of W-rich nuclei which suppresses vertical 

growth and promotes 2D growth. The fundamental understanding gained through this investigation 

has enabled an increase of over one order of magnitude in grain size for WSe2 thus far, and provides 

valuable insight into improving the growth of other TMD compounds by MBE and other growth 

techniques such as chemical vapor deposition (CVD). 

3.2 Introduction 

Among the TMD materials, WSe2 is one of the most interesting for a variety of devices due 

to its attractive electronic properties such as valley coherence for valleytronics, large band spin 

splitting for spintronics, and low carrier effective mass with suitable band alignment for broken-

gap tunnel field-effect transistor (FET) applications.122–124 

To answer questions about the fundamentals of TMD growth and to facilitate device quality 

films with larger grains, we combine experimental MBE growth with an on-lattice, diffusion-based 



 

52 

first principles kinetic Monte Carlo (KMC) model, which enabled the identification of a three-

stage adsorption-diffusion-attachment mechanism. It is shown that the adatom stage plays a 

significant role on the nucleation behavior. The complex competition between kinetic factors 

including adsorption, desorption, on-substrate diffusion, attachment, and edge diffusion control 

different aspects of growth. The fundamental understanding gained through this investigation has 

enabled an increase of over one order of magnitude in grain size. This study focuses on WSe2 but 

can also be extended to improve the growth of other TMD compounds and is applicable to other 

growth techniques in addition to MBE.  

The contents of this section are adapted with permission from a paper entitled “Nucleation 

and growth of WSe2: Enabling large grain transition metal dichalcogenides” [2D materials, 

4, 045019 (2017)] Copyright 2017, IOP Publishing Ltd. 

(https://creativecommons.org/licenses/by/3.0/). The authors are Ruoyu Yue, Yifan Nie, Lee A 

Walsh, Rafik Addou, Chaoping Liang, Ning Lu, Adam T Barton, Hui Zhu, Zifan Che, Diego 

Barrera, Lanxia Cheng, Pil-Ryung Cha, Yves J Chabal, Julia W P Hsu, Jiyoung Kim, Moon J Kim, 

Luigi Colombo, Robert M Wallace, Kyeongjae Cho, and Christopher L Hinkle. My contribution 

was to perform the MBE growth experiments, characterization including RHEED, AFM, and XRD 

and the experimental data analysis, Yifan Nie carried out the KMC simulations and theoretical 

diffusion analysis, Lee Walsh contributed on MBE experimental design, XPS, and data analysis, 

Rafik Addou performed the STM and STS measurements and analysis, Chaoping Liang and Pil-

Ryung Cha helped build the simulation model, Ning Lu and Zifan Che contributed on TEM 

measurements, Adam Barton contributed on experimental data analysis, Hui Zhu performed XPS 

measurements, Diego Barrera contributed to the photoelectron spectroscopy, Kelvin probe, and 
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absorption spectroscopy measurements, Lanxia Cheng conducted the Raman spectroscopy 

measurements, Yves Chabal, Julia Hsu, Jiyoung Kim, Moon Kim, Luigi Colombo, Robert Wallace, 

Kyeongjae Cho, and Christopher Hinkle contributed in experimental design, data analysis, and 

manuscript revision.   

3.3 Experimental details 

van der Waals epitaxy of WSe2 was performed in a VG Semicon V80H MBE system using 

elemental sources (an effusion cell for selenium and an e-beam evaporator for tungsten) with a 

base pressure of ~3 × 10-10 mbar and a background pressure of ~1 × 10-9 mbar during growth. A 

systematic study of the impact of W and Se flux, substrate temperature, and their co-interaction 

was performed by systematically varying each of these parameters. The substrate temperatures 

investigated for WSe2 growth were between 350 °C and 550 °C, the W flux was varied from 2 × 

10-9 mbar to 1 × 10-8 mbar, and the Se flux range was between 1 × 10-7 mbar and 1 × 10-6 mbar. 

The detailed parameter settings can be found in the Appendix.   

The substrate for the majority of the WSe2 growth presented here was highly oriented 

pyrolytic graphite (HOPG) with a size of 12 × 12 mm2. Other substrates studied include c-plane 

(0001) sapphire and MBE-grown Bi2Se3 on sapphire. The HOPG was exfoliated ex-situ by scotch 

tape and loaded into the growth chamber within 5 min and heated at 450 °C for 2 hours as surface 

preparation before growth. The single crystal sapphire was consecutively cleaned in acetone, 

methanol, isopropanol, and deionized (DI) water for 10 minutes each in an ultrasonic environment, 

annealed in vacuum at 600 °C for 90 minutes and then at 700 °C for 10 min, before being slowly 

cooled down to the growth temperature. Bi2Se3 grown on sapphire was conducted via a two-step 
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growth method (substrate temperature of 110 °C for the first step and 320 °C for the second) and 

sharp RHEED patterns indicate crystalline Bi2Se3 growth. 

Multiple characterization methods were carried out to assist the nucleation and growth of 

WSe2, including transmission electron microscopy (TEM), scanning tunneling microscopy (STM), 

scanning tunneling spectroscopy (STS), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM), Raman spectroscopy, photoelectron 

spectroscopy for ionization energy, Kelvin Probe. More information about the characterization 

tools were described in Chapter 2.    

The KMC Simulation model includes adsorption, desorption, and atom hopping within the 

lattice sites of the bulk TMD. The hopping rates follow transition state theory, in the form of the 

Arrhenius relation. The adsorption energies and diffusion barriers are drawn from density 

functional theory by VASP coupled by the nudged elastic band theory.125–129 Random numbers are 

generated to select the proceeding events. For further details of the simulation, please refer to 

reference.130  

3.4 Results and discussion 

Before getting into the detailed nucleation and growth study, we first want to establish that 

our baseline growth produces high-quality WSe2 films. HOPG was chosen as the substrate material 

for most of this study due to its inert 2D surface and thermal stability at elevated substrate 

temperatures. Similar to the previous experimental settings introduced in Chapter 1, the parameters 

for this baseline growth were: substrate temperature of 450 °C, growth rate of about 0.02 nm/min 

and Se: W flux ratio of about 15. The corresponding characterization results will be presented in 

the next two sections. 
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3.4.1 Observed properties confirming high-quality WSe2 growth by van der Waals epitaxy 

The high resolution STM image (9 × 9 nm2) of monolayer WSe2 grown on HOPG shown in 

Figure 3.1a reveals the hexagonal moiré pattern (highlighted by blue dots) due to the lattice 

mismatch between WSe2 and graphite. The measured periodic spacing from the moiré pattern 

(~9.8 Å) agrees well with the expected superposition between HOPG and unstrained WSe2 with 

zero rotation angle at the interface.89 This unstrained growth and rotational alignment are important 

characteristics of van der Waals epitaxy. A larger scale STM image with an inset of the WSe2 line 

profile is shown in Figure 3.1b, indicating monolayer and bilayer WSe2. Scanning tunneling 

spectroscopy (STS) spectra of the same sample are shown in Figure 3.1c and demonstrate the 

decrease in bandgap as the film thickness is increased from monolayer (2.6 eV) to bilayer (1.8 eV). 

 
Figure 3.1. (a) STM (9 × 9 nm2, Vb= 0.14 V, It= 1.2nA) of monolayer WSe2 on HOPG shows the 

moiré pattern that indicates unstrained WSe2 rotationally aligned to the substrate, (b) STM image 

of bilayer WSe2 grown on HOPG and inset of corresponding line profile of WSe2. The height 

difference between the first layer and the second layer is due to the different interlayer gaps 

between WSe2/HOPG versus WSe2, (c) STS analysis (Vb= 2 V, It= 0.3 nA) of mono- and bi-layer 

WSe2 grown on HOPG, showing the bandgap transition. 

 

 

A STEM image of WSe2 grown on HOPG is shown in Figure 3.2a, demonstrating the layered 

structure, abrupt interface, and no evidence of misfit dislocations. One issue with HOPG is its 
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highly textured nature, where, even though there is out-of-plane alignment, there is in-plane 

rotational misorientation between different grains as shown in Figure 3.2b. RHEED images of 

HOPG exhibit two sets of streaks with different intervals at all sample rotation angles. This 

indicates the wire-textured surface of bare HOPG, which refers to the high degree of orientation 

of HOPG grains in the vertical (0001) direction but azimuthal misalignment between the grains 

in-plane, parallel to the surface. WSe2 grown on HOPG also demonstrates this wire-texturing 

(Figure 3.2c), which is also confirmed by AFM images of multiple WSe2 grains grown on HOPG 

(Figure 3.2d). In agreement with the rotational alignment suggested from the STM image in Figure 

3.1a, the WSe2 grains highlighted within the green triangles are differently oriented with respect 

to the ones highlighted within blue triangles due to the different orientation of the underlying 

HOPG grains. For a given grain of HOPG, WSe2 grains all have identical orientation. Because of 

the different stacking sequences, the direction of the WSe2 triangular grains on a given HOPG 

domain can be rotated by 180 degrees,131 pointing either up or down for each orientation (labeled 

with the same color) in Figure 3.2d.  

The confirmation of rotational alignment between the WSe2 and the substrate was enabled by 

using single-crystal Bi2Se3, another van der Waals material, as the substrate. In-situ RHEED of 

WSe2 grown on the Bi2Se3 is shown in Figure 3.3a-c. When the WSe2 partially covers the Bi2Se3 

surface, two different sets of RHEED streaks in the [101̅0]  direction corresponding to the 

reciprocal lattice of both WSe2 and Bi2Se3 are observed (Figure 3.3a). The simultaneous 

appearance of streaks from both the substrate and WSe2 indicates that the grown WSe2 is 

rotationally aligned to the substrate, consistent with the observation of zero rotation angle between 

the growing WSe2 and the substrate as shown in the moiré pattern from the STM image in Figure 



 

57 

3.1a. The extracted in-plane lattice constant (a = 3.29 Å ± 0.03 Å) from the RHEED pattern, and 

confirmed by the STM measurement of 3.28 Å, is consistent with other reports.132 When the 

substrate is fully covered, a single set of RHEED patterns appear in the [101̅0]  and [112̅0] 

directions, corresponding to the reciprocal lattice of WSe2 that is fully azimuthally aligned to the 

substrate (Figure 3.3b,c). Similar rotational alignment has previously been observed in other 

epitaxially grown TMDs.28,30,32,56,58,65,133 The corresponding cross-sectional TEM image of the 

WSe2/Bi2Se3 heterostructure is presented in Figure 3.3d. The interlayer distance of the WSe2 is 

measured to be 6.4 Å, consistent with the inter-planar spacing of WSe2 crystals.134 The layered 

structure of the WSe2 is evident and an atomically abrupt interface between the WSe2 and Bi2Se3 

is observed, with the complete absence of misfit dislocations despite a 21% lattice mismatch, 

further confirming the unstrained growth. 

 
Figure 3.2. (a) STEM image of WSe2 growth on HOPG, revealing the atomically sharp interface 

and layered crystalline structure of WSe2, (b) RHEED patterns of HOPG before WSe2 growth. The 

appearance of two sets of streaks with different intervals at all sample rotation angles indicates the 

highly wire-textured HOPG surface, (c) RHEED patterns of WSe2 after growth also suggests 

similar wire-textured growth of WSe2 on HOPG, (d) AFM image of WSe2 grown on HOPG, 

showing rotaionally aligned WSe2 grains (green triangles) on a grain of  HOPG with a single 

orientation. The WSe2 grains highlighted in blue are rotated with respect to the green triangles by 

~ 30 degrees as they are grown on a different HOPG grain with a different orientation due to the 

textured nature of HOPG. 
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Figure 3.3. (a-c) RHEED patterns of WSe2 growth on a single crystal Bi2Se3 substrate, for sub-

monolayer WSe2 (a) and for full WSe2 coverage (b and c), confirming rotational alignment to the 

substrate, (d) TEM image of a multilayered WSe2 film grown on Bi2Se3 showing the layered 

structure and atomically abrupt interface with no evidence of misfit dislocations. 

 

 

3.4.2 Additional characterizations of MBE-grown WSe2 

MBE-grown bulk WSe2 was characterized by a number of other techniques. XRD 

measurement results in Figure 3.4a for WSe2 grown HOPG, shows a strong (002) peak at 13.6° 

which is consistent with calculations assuming the 2H WSe2 crystal structure. In Figure 3.4b, the 

Raman spectrum of the same WSe2 sample, with two peaks at ~250 cm-1 (overlapping of in-plane  

E1
2g mode and out-of-plane A1g mode) and ~260 cm-1(second order resonant Raman  mode), 

indicates the crystalline 2H WSe2 phase, confirming the strain-free growth in agreement with the 

STM image in Figure 3.1a.135 XPS measurements of WSe2 films were conducted as well to 

investigate the chemical states and surface reactivity of WSe2 and the result details will be 

discussed in Chapter 5 to compare the surface oxidation of different TMD materials. 
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Figure 3.4. (a) XRD plot of WSe2 on HOPG showing the (002) peak in agreement with theoretical 

calculations. (b) Raman spectroscopy of WSe2 confirms the 2H phase. 

 

 

The band alginment of both bulk and monolayer WSe2 was obtained through a series of 

measurements. Photoelectron spectroscopy in air and Kelvin probe measurements were used to 

determine the ionization energy and work function, as shown in Figure 3.5a,b. Absorption 

spectroscopy of WSe2 grown on sapphire in Figure 3.5c reveals the indirect band gap of bulk WSe2 

to be ~1.39 eV, consistent with the results of optical absorption measurements performed on bulk 

WSe2 grown by chemical vapor transport (CVT).136 Combining these measurements, the 

experimentally determined band alignment of the MBE grown bulk WSe2 shown in Figure 3.5d 

can be constructed and is consistent with density function theory (DFT) calculations.10 The band 

gap and Fermi level position of monolayer WSe2 were extracted from the STS data in Figure 3.1c 

and plotted in Figure 3.5d to compare with bulk WSe2 results. 
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Figure 3.5. (a) Photoemission spectroscopy of WSe2 grown on sapphire, (b) fitting result of 

ionization energy from (a) and work function data from Kelvin Probe measurement, (c) absorption 

spectroscopy of WSe2 grown on sapphire indicates that the indirect band gap of bulk MBE-grown 

WSe2 is ~1.39 eV, (d) The experimentally determined band alignment for a bulk WSe2 and 

monolayer WSe2, consistent with DFT calculations.10  

 

 

3.4.3 Novel growth modes in 2D materials and grain boundary reduction 

The characterization results presented above show that WSe2 grows unstrained and with its 

own lattice constant, indicating that lattice mismatch is not a significant factor in growing high-

quality TMD films, as expected. However, the lattice mismatch results in the formation of grain 

boundaries as illustrated in Figure 3.6a. The distance between nucleation sites on a lattice-

mismatched substrate is statistically unlikely to be an integer multiple of the WSe2 lattice constant 

due to the different lattice spacing of the substrate and TMD material. As a result, incomplete unit 

cells form when the rotationally aligned grains merge together.137 These grain boundaries are, of 

course, expected to degrade carrier mobility.138–140 The density of grain boundaries increases for 

samples with a high nucleation density. Therefore, reducing the nucleation density is critical to 

achieving higher quality films. In this chapter, we investigate the nucleation and growth 

mechanism to minimize the formation of these grain boundaries and thus achieve large area 

unstrained grains.  
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The discussion of MBE growth modes in Chapter 1 warned of the possible mistakes when 

simply applying the concept of different 3D growth modes to the growth mechanisms of 2D 

materials which have distinct structural properties compared to traditional 3D materials. These 

defined growth modes are generalized based on surface tension comparisons between the 

deposited film and the substrate.52 However, the traditional categorization for the 3D materials is 

also based on the implicit assumption that the out-of-plane interaction of the material under 

deposition is comparable with the in-plane interaction, thus the aforementioned terms are 

interchangeable with the surface tension within the context of 3D materials. For 3D films, a strong 

interatomic interaction leads to both a strong surface tension and a strong out-of-plain interaction, 

the latter of which allows strain to be accumulated as the atomic layers grow.52 However, the 

results presented here demonstrate that such reasoning does not apply to van der Waals material 

systems where the in-plane interaction is dominant over both of the out-of-plane interactions 

(epilayer-substrate and epilayer-epilayer). The dangling-bond-free surface of the ideal TMD 

crystal can, in theory, avoid vertical island growth (coarsening) and allows a thickness controlled 

layer-by-layer growth scenario.130 Moreover, according to the description in Chapter 1, these 

traditional growth modes are predominantly based on equilibrium thermodynamics and provide 

no information on crucial kinetic issues such as diffusion and nucleation. In fact, many 

observations suggest that under most experimental growth conditions, TMD growth strongly 

deviates from equilibrium. Imperfect structures such as grains with fractal morphology and 

unusual nuclei formation are observed in previous studies and in this work.30 These deviations 

from the ideal occur due to kinetic factors including adsorption, desorption, on-substrate diffusion, 

attachment, and edge diffusion. The lack of an existing applicable growth mechanism and an 
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inadequate description of kinetic processes illustrate the need to combine experiment with a kinetic 

model to describe not only the thermodynamic relations, but also the atomic scale events. 

Combining an MBE experimental parameter study with on-lattice diffusion based KMC 

simulations provides the necessary insight to reveal the fundamental TMD growth mechanism. 

3.4.4 Kinetics and thermodynamics of nucleus formation and critical nucleus size 

To begin the consideration of TMD nucleation and growth by MBE, a three-stage model is 

proposed: 

 

. .diff diff

adsorption attachment

desorptionGas Adatoms Flake          (1), 

with the reaction energy diagram shown in Figure 3.6b.131 In this study, only atomic precursors 

are included, since the strong binding energy of clusters of the metal or chalcogen requires an 

overly high activation energy (5.44 eV for W-dimers and 4.64 eV for Se dimers) to participate in 

the epitaxial process.141,142 Atoms arriving at the substrate surface, rather than being reflected back 

into the ambient, have a probability of being adsorbed on the surface. The adsorbed atoms become 

adatoms and have a certain lifetime with diffusion occurring on the substrate surface. This stage 

of adatom diffusion on the substrate surface plays a pivotal role in nucleus creation and in the 

growth of an existing nucleus. A homogeneous nucleation requires that several adatoms arrive at 

the same spot via random substrate diffusion, which is improbable and requires a high local density 

of adatoms. The Gibbs free energy calculation can be expressed as 𝐺 =
4𝜋

3
𝑟3𝐺𝜈 + 4𝜋𝑟2𝛾 for 

spherical nuclei or 𝐺 =
√3

4
𝑎2𝐺𝐴 + 3𝑎𝛾 for planar triangular nuclei, where Gν is the Gibbs volume 

energy, GA is the Gibbs area energy, and γ is the interfacial energy or edge energy for 2D domains. 

Although the WSe2 nuclei shape strongly depends on the growth conditions, which will be 
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discussed later, both cases indicate that only a spherical nucleus with size r greater than the critical 

size 𝑟𝑐 = −
2𝛾

𝐺𝜈
, or a planar domain with edge a greater than critical size 𝑎𝑐 = −

4√3𝛾

𝐺𝐴
 is stable. The 

Gibbs and interfacial/edge energies for TMDs are not well established to date, making it difficult 

to deduce the critical cluster size analytically. From the KMC simulations, we determined that a 

critical nucleus of WSe2 takes the form of W15±1Se28±3 with a size of 1.63 ± 0.21 nm within the 

temperature range from 400 °C to 800 °C. While we expect the critical nucleus size to be 

temperature dependent, the change in the critical nucleus size within this temperature range is 

negligible (within the error bars of the critical nucleus size in our calculations). Experimentally, 

the smallest triangular WSe2 nucleus observed from STM for 15 different spots (scan range of 100 

× 100 nm2) across the sample is 3.0 ± 0.3 nm (Figure 3.6c) and we observe a non-triangular nucleus 

of 2.5 ± 0.3 nm. After a stable nucleus is formed, it can capture incoming adatoms that approach 

the nucleus via on-substrate diffusion. 

 
Figure 3.6. Illustration of grain boundary formation due to lattice mismatch in van der Waals 

epitaxy, (b) reaction energy diagram of the growth process employed in the simulations, (c) STM 

image of smallest triangular WSe2 nucleus with of 3.0 ± 0.3 nm grain size, comparable with KMC 

simulation result of 1.63 ± 0.21 nm.   

 

 

3.4.5 Suppressing nuclei and grain boundary formation rate 

To assess the number and size of nuclei formed, we used AFM to analyze the experimental 

growth results.  For the analysis of the AFM results, some of the newly formed small nuclei will 
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be missed in our AFM count due to the low spatial resolution of the technique. However, the 

number of small nuclei is strongly correlated to the number of observed nuclei >10 nm and is 

closely related to the surface adatom density. Additionally, as described in the discussion later, 

there is higher probability for adatoms to attach to the large nuclei due to their larger area rather 

than form new nuclei. Therefore, AFM gives appropriate trends for the overall nucleation density 

despite its 10-nm resolution. Sticking coefficient calculations were performed from the AFM data 

and therefore underestimate some of the adatoms that stuck and formed small nuclei.  However, 

only a very small percentage of the overall adatom count are in the small nuclei (~0.8 %), which 

causes an error of < 5% in the sticking coefficient calculations. 

As shown in Figure 3.7a-d, the rate of nuclei formation during the initial stages is high, 

followed by a subsequent slowing down of the nuclei formation rate. A similar trend has also been 

observed in the MBE growth of other materials.52,143 This is a sign of the competition between 

nucleation and adatom attachment and suggests the necessity to include the adatom kinetics to our 

understanding. In the temperature range studied here, the diffusion length of the adatoms exceeds 

the average adatom-adatom and adatom-nucleus distance. Therefore, when the nuclei density 

increases to a level comparable to the surface adatom density, it becomes favorable for the adatoms 

to attach to an existing nucleus rather than to form a new one, and thus the formation of new nuclei 

ceases and existing nuclei grow in size.143  

Similar to the experimental observations, the simulation results in Figure 3.7e confirm that 

the formation rate of new nuclei decreases as the nuclei density increases, reaching the saturated 

nuclei density before the surface coverage reaches 10%. In addition, the saturated nucleation 
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density in Figure 3.7f shows a strong dependence on both the substrate temperature and the flux 

which motivates further experimental investigation of these growth parameters. 

 
Figure 3.7. (a-d) AFM images that show how nucleation density increases rapidly during the low 

coverage stage and becomes stable after reaching ~15% coverage, (e) simulated homogeneous 

WSe2 nuclei desnity as a function of normalized time under different adsorption rates at 400°C 

with the chalcogen-to-metal ratio equal to 2.0, (f) simulated saturated nuclei density as a function 

of adsorption rate for different substrate temperatures.  

 

 

The impact of substrate temperature is shown in Figure 3.8a-c, where increasing the substrate 

temperature from 450 °C to 500 °C reduces the growth rate and nucleation density (average nuclei 

number in a 5 um by 5 um scan range drops from ~200 to ~44). The underlying reason is due to 

the increased desorption rate, consistent with the results from simulation (Figure 3.7f). However, 

the growth at 550 °C (Figure 3.7d) doesn’t follow this trend, most likely due to the limitations of 

the Se flux since increased Se flux is needed at elevated substrate temperature to compensate the 

exponentially reduced sticking coefficient of Se. A detailed discussion about the influence of the 

Se flux on WSe2 nucleation and growth will be carried out later. Increasing the Se flux to 1 × 10-6 

mbar (Figure 3.8e) enables the growth at 550 °C to continue with nucleation density control via 
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substrate temperature. WSe2 growth at higher W flux (1 × 10-8 mbar) also confirms the impact of 

substrate temperature as shown in Figure 3.9. Reduced surface coverage and nucleation density 

are observed when the substrate temperature is elevated from 350 °C to 500 °C.  

The W flux indeed has a large impact on the nucleation and growth rates (Figure 3.10a-c).  

Decreasing the W flux from 1 × 10-8 mbar to 2 × 10-9 mbar results in a dramatic decrease in the 

density of nuclei, with almost no nuclei observed after 1.5 h growth time for W fluxes lower than 

2 × 10-9 mbar. These results are consistent with the KMC simulations shown in Figure 3.7f, i.e. 

that the nuclei count decreases with decreasing adsorption rate, which is proportional to the flux. 

With both reduced substrate temperature and higher W flux, it is reasonable to expect a higher 

surface adatom density, and a corresponding exponential increase in nucleation density indicates 

a close relationship between the adatom density and stable nuclei formation.52  

 
Figure 3.8. AFM images showing the impact of substrate temperature at W flux of 5 × 10-9 mbar: 

(a-c) increasing the substrate temperature (from 450 °C to 500 °C) reduces the nucleation density, 

while (d) growth at substrate temperature of 550 °C doesn’t follow the reduction trend, probably 

due to the limited Se flux. (e) Increasing the Se flux to 1 × 10-6 mbar continues the reduction of 

nucleation density at high substrate temperature. 
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Figure 3.9. (a-c) AFM images of WSe2 growth at higher W flux (1 × 10-8 mbar) with different 

growth temperatures again confirms the function of substrate temperature in limiting nucleation 

density.  

 

 

 
Figure 3.10. (a-c) AFM images of WSe2 with differnt W flux, showing the impact of reducing W 

flux in limiting the nucleation density. 

 

 

3.4.6 Sticking coefficient dependence on temperature and nucleus composition 

The percentage of precursor that results in stable domains, commonly referred to as the 

sticking coefficient (Sc), is a product of two conversion factors corresponding to the two-step 

reaction illustrated in Equation (1): 1) the percentage of atoms incident upon the surface which 

become adatoms, and 2) the percentage of adatoms which result in stable domains. The estimated 

sticking coefficient of W atoms drops from about 16% to 4.1% when the substrate temperature is 
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elevated from 450 °C to 500 °C (the method used for this approximation is described in the 

Appendix).  These low sticking coefficients, which are consistent with the KMC simulations, 

confirm that a significant fraction of adatoms do not make it past the adsorption-desorption step in 

Equation (1), and so do not contribute to deposition. There is almost no WSe2 growth at 550 °C 

during the 1.5 h growth time, suggesting a further reduction in the sticking coefficient and an 

enhanced desorption rate due to the elevated substrate temperature. The sticking coefficient of Se 

atoms is considerably lower than that for W and is dependent on the chemical environment. For a 

substrate temperature of 450 °C, the calculated Se Sc values are ~0.13 % for a W flux of 5 × 10-9 

mbar (Figure 3.8e) and ~0.36 % for a W flux of 1 × 10-8 mbar (Figure 3.8d). Thus, the sticking 

coefficients are dependent on the chemical environment, a common observation in the epitaxy of 

compound crystals,144–146 where different elements depend on each other to form the desired 

crystal structure.  

According to first principles density functional theory (DFT) calculations, the absolute value 

of the adsorption energy (1.49 eV for W and 0.65 eV for Se), which dictates the desorption rate, 

is over an order of magnitude higher than the diffusion energy barrier (0.03 eV for W and 0.06 eV 

for Se).131  Since desorption is negligible at low temperature, most of the adatoms are able to form 

stable domains that exceed the critical nucleus size. However, the desorption rate increases 

exponentially at elevated substrate temperature due to the Arrhenius nature of the process (r =

𝐷0𝑒
−
∆𝐺≠

𝑘𝐵𝑇, where D0, ΔG≠, kB and T correspond to the pre-exponential coefficient, activation energy, 

Boltzmann constant and temperature, respectively). More adatoms desorb from the surface at these 

elevated temperatures before forming stable nuclei, reducing the adatom density and sticking 

coefficient. Therefore, simulation and experimental results point to the use of higher substrate 



 

69 

temperatures and smaller W fluxes to reduce the nucleation density by reducing the adatom 

density. 

3.4.7 Compact versus fractal grain morphology 

The morphology of the growing grains is another important aspect in the ability to predict the 

quality of TMD films. Compact domains with triangular shape are observed under conditions of 

low growth rate in Figure 3.11a,d (achieved by low W flux together with high substrate 

temperature), while discontinuous domains are observed when the growth rate is increased (Figure 

3.11b,d). The randomly branched, highly discontinued shapes are referred to as fractal. This 

triangular-fractal transition is the result of the competition between adatom attachment and edge 

diffusion processes; the latter being responsible for the relaxation of the domain from the initial 

shape (often random and branching) to the thermodynamically favorable configuration (compact 

triangle for the TMD monolayers).147 DFT simulations have shown that the edge diffusion barriers 

(4.06 eV for W and 1.00 eV for Se) are considerably higher than those for adatom diffusion.131 

Compact domains are produced close to the adsorption-desorption equilibrium, in which the 

growth rate and Sc are relatively low. Higher W flux not only leads to a higher growth rate and 

increased nucleation density, but also results in fractal shapes. The fractal structure may be 

undesirable since defects could be created along the rough edges as the domains grow.131 In the 

time-dependent study of the growth process shown in Figure 3.7c-d, the transition from triangular 

shaped domains to fractal was also observed; this transition is associated with the expanded 

domains which capture more adatoms, breaking the equilibrium between attachment and edge 

diffusion.  
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In addition to the triangular and fractal structures, “nanorod” shaped grains are observed in 

the low-temperature growth regime (~350 °C) as shown in Figure 3.11c. Similar results of nanorod 

morphology have previously been reported in MBE-grown WSe2 and MoSe2 grown at low 

substrate temperature.53,86,148 The nanorod structure has been speculated to be a significant 

deviation from the 2D growth scheme due to a local Se-deficient environment. To further 

investigate the formation of the “nanorod” shaped grains, we attempted a wider experimental 

parameter range as shown in Figure 3.12. Decreasing the substrate temperature from 500 °C to 

350 °C in Figure 3.12a-c resulted in higher percentage of “nanorod” shaped grains in the total 

WSe2 films, with almost all of the deposited film (Figure 3.12c) being “nanorods”.53  Increasing 

the ratio of Se to W from 60 to 375 seems to be ineffective at getting back to the 2D growth regime 

as shown in the comparison of Figure 3.12c,d. Thus, the formation of the “nanorod” is more 

strongly connected to the low substrate temperature, and not just Se deficiency.         

 
Figure 3.11. (a-c) AFM images of the various grain morphologies observed indicating that low 

substrate temperature or high W flux will lead to non-compact, discontinuous growth. (d) the 

simulated sticking coefficient, as a function of the adsorption rate, for three different substrate 

temperatures. Inserted are the corresponding domain morphology images obtained during 

simulation. 
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Figure 3.12. (a-d) AFM images of WSe2 for the study of “nanorod” shaped grains, indicating the 

irregular grain formation is due to the reduced substrate temperature and increasing the Se:W flux 

ratio is ineffective to remove the “nanorods” at low growth temperature. (e-h) higher resolution 

AFM images of WSe2 corresponding to the AFM image above.   

 

 

3.4.8 Chalcogen environment critical to promote larger grain 2D growth 

As mentioned earlier, the chalcogen sticking coefficient is much lower than that of the 

transition metal due to the short mean lifetime and mean free path of the Se adatoms.131 In a Se-

poor environment, as shown in Figure 3.13a, pyramid-like grain morphology and particle 

protrusion features are observed in the center of grains (~5-10 nm in height shown in the Figure 

3.13e). This contrasts with a Se-rich environment (Figure 3.13c) where, for an identical growth 

time, bilayer WSe2 with similar lateral grain size and no protrusion was achieved. The decrease in 

the protrusion features as a function of increasing Se flux suggests that the initial nuclei formed in 

the Se-deficient condition are W-rich, which is confirmed by the observation of W-W and WOx 

bonding in the XPS spectra (Figure 3.13f). In Figure 3.13f, WSe2 samples grown under different 

Se fluxes (1 × 10-7 mbar and 1 × 10-6 mbar) with all other parameters identical were examined by 
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ex-situ XPS. Consistent with the results to be presented in Chapter 5, only W-Se bonding, with no 

detectable oxidatation states, is observed in the high Se flux grown sample. However, the WSe2 

grown with low Se flux has a number of additional states. A peak related to W-W bonding is 

observed at lower binding energy, while a number of oxidation states are observed at higher 

binding energy (WOx and WO3). The fomation of W-W bonding originates from the incomplete 

Se-passivated nuclei in a Se-poor environment. Metal clustering with incomplete Se-passivation 

promotes a vertical growth of WSe2 (protrusion feature), as illustrated in Figure 3.13b. The W-rich 

WSe2 oxidizes easily upon sample transfer into the ex-situ XPS system (~15 minutes) However, 

under a Se-rich condition, Se atoms limit the formation of W-rich nuclei and the covalent-bond-

free surface of WSe2 promotes lateral growth of the grain. This is clearly observed in Figure 3.13a 

and 3.13c where a similar lateral grain size (~200 nm edge length) is observed for an 8-layer (Se-

poor environment) and a bilayer film (Se-rich environment). First-principles based KMC 

simulations confirm that while monolayer growth is expected with sufficient Se supply, under 

chalcogen deficient growth conditions, metal clustering becomes more probable and strongly 

influences nucleation. Additionally, this metal-rich clustering affects the critical nucleus size.52 

The critical nucleus size for tungsten metal is a W3 trimer at 500°C with a radius of 0.31 nm, which 

is nearly an order of magnitude smaller than the critical nucleus size of WSe2. A Se-rich 

environment, on the other hand reduces the probability of W-W bond formation, thus suppressing 

the formation of W clusters, resulting in the reduction of the nucleation density (Figure 3.13g-i) 

and promoting lateral growth.  
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Figure 3.13. (a-d): AFM images and illustrations showing the impact of Se flux in suppressing 

vertical growth. Island growth occurs in a Se deficient environment due to W-rich nucleus 

formation while more 2D growth is achieved in a Se-rich environment, (e) line scan profile across 

the WSe2 islands in Figure 3.9a confirms the height of the protrusion to be ~5 nm above the top 

layer of the grains, (f) XPS spectra of the W 4f core level for WSe2 grown under different Se flux 

conditions: a number of additional states are observed in the sample grown under low Se flux 

including W-W bonding and WO3, (g-i): Se flux also impacts the WSe2 nucleation density where 

higher Se flux again limits W-rich nuclei. 

 

  

3.4.9 Order of magnitude improvement in grain size and path to large area, scalable TMDs 

The results of this nucleation and growth study indicate that to limit the nucleation density 

and promote 2D layered growth, it is necessary to have a low metal flux in conjunction with an 
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elevated substrate temperature. At the same time, providing a Se-rich environment is important to 

suppress the formation of W-rich nuclei, which in turn suppresses vertical growth and promotes 

2D growth. While these findings seem intuitive when presented in this systematic manner, it 

should be noted that growth parameters in those ranges have not been used historically. By 

combining these findings, we developed a strategy for the growth of large-area WSe2 thin films as 

illustrated in Figure 3.14a. This strategy was then used to guide the growth of WSe2 by MBE 

achieving layers with a grain size of ~1.2 μm (8 layers) and ~650 nm (4 layers), a drastic 

improvement over previously reported results as summarized in Figure 3.14b from over 25 years 

of research.28–31,53,56,81–89  

The largest WSe2 Grain size of 1.2 μm we have achieved so far is shown in Figure 3.15a.  

Continuing along the path illustrated in Figure 3.14a should enable large-area monolayer WSe2 

growth. However, limitations associated with the substrate heater design for the MBE system used 

for this work and the practical Se flux upper limitation prevent going to the higher temperatures 

necessary to demonstrate large-area monolayer growth at this time. As shown in Figure 3.16b, 

increasing the substrate temperature to 600 °C failed to achieve larger grain size due to insufficient 

Se flux. Although our highest Se flux is provided in this growth, the protrusions in Figure 3.15b 

suggest that Se flux at 1 × 10-6 mbar is still not sufficient for a growth temperature of 600 °C. This 

observation again confirms the critical role of the chalcogen-rich environment in the MBE growth 

of TMDs, where a much higher Se flux is needed when the growth temperature is elevated.     
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Figure 3.14. (a) Illustration of the experimental path (purple dash line) to achieve large grain size 

TMDs compared with the growth conditions (orange ellipsoid) utilized from prior reports with 

small grains. (Inset) AFM image of a 650 nm grain for 4-layer MBE-grown WSe2 achieved in this 

study (red star) following this path. (b) Summary of the grain size of MBE grown TMDs reported 

in the literature along with the results achieved in this study. The data points used from previously 

published reports are either the grain sizes reported in the paper or from the longest linear 

dimension measured in a single grain in AFM or SEM images shown in those papers.  

 

 

 
Figure 3.15. AFM images for (a) largest WSe2 grains achieved thus far and, (b) WSe2 growth at 

substrate temperature of 600 °C with Se flux of 1 × 10-6 mbar. Protrusions on the 600 °C films 

suggest a Se-poor environment during growth.  
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While a van der Waals substrate and elemental precursors were used in this study, the 

conclusions and mechanisms can be applied to an epitaxy system with increased complexity of 

both the substrate and precursors with minor modifications.  For example, a stronger interaction 

between a non-van der Waals substrate and the precursors will limit the diffusion of the precursors 

causing the homogeneous nucleation density to increase. Higher impurity levels will also increase 

the heterogeneous nucleation density. Additionally, the breakdown of the molecular precursors in 

chemical vapor deposition (CVD) and metal-organic chemical vapor deposition (MOCVD) 

requires a high activation energy, slowing down the growth process.131,141,142 All modifications 

here result in a “shifting” of the experimental conditions to a region of higher temperature and a 

higher flux (pressure), yet the underlying concepts remain the same as described throughout this 

work. 

3.5 Conclusions 

In this chapter, we have demonstrated that high quality WSe2 can be grown using van der 

Waals epitaxy.  Despite the large lattice mismatch with the substrate, the grown WSe2 films have 

no misfit dislocations or strain and are rotationally aligned to the van der Waals substrates. The 

overwhelming in-plane bonding compared to the out-of-plane van der Waals interaction makes it 

unsuitable to use traditional growth mode terminology to describe the epitaxial growth of van der 

Waals materials like TMDs. Kinetic issues such as low probability of Se incorporation, high metal-

metal bonding strength, and non-equilibrium growth make it challenging to obtain 2D growth. 

However, our results indicate that lowering the W flux in conjunction with elevated substrate 

temperature reduces the nucleation density while providing a Se-rich environment is important to 

promote 2D growth. Using this growth strategy has enabled an increase of over one order of 
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magnitude in grain size for WSe2 compared to all previous TMD growth by MBE. The knowledge 

gained from this nucleation and growth study provides a roadmap toward large area TMD grains 

and potentially other van der Waals systems. 
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CHAPTER 4  

HFSE2 THIN FILMS 

 

4.1 Abstract  

In this chapter, we demonstrate, for the first time, the growth of HfSe2 thin films using 

molecular beam epitaxy. The relaxed growth criteria have allowed us to demonstrate layered, 

crystalline growth without misfit dislocations on other 2D substrates such as highly ordered 

pyrolytic graphite (HOPG) and MoS2. The HfSe2 thin films exhibit an atomically sharp interface 

with the substrates used, followed by flat, 2D layers with octahedral (1T) coordination. The 

resulting HfSe2 is slightly n-type with an indirect band-gap of ~1.1 eV. These results demonstrate 

the feasibility and significant potential of fabricating 2D materials based heterostructures with 

tunable band alignments for a variety of nanoelectronic and optoelectronic applications.  

4.2 Introduction 

Most of the investigation on TMD materials in recent years have been focused on MoS2 and 

WSe2
19,73,74,124,133,149 while very few studies have been performed on HfX2 (X=S, Se, Te) 

compounds.150–152 Although there are a few reports on the electrical and optical properties of bulk 

HfX2 materials, the previous work focused on bulk materials grown by chemical vapor transport, 

a method that is not well suited for the growth of precise and uniformly thick films needed to 

investigate the layer-dependent properties of TMDs and take advantage of the properties of layered 

thin films.153,154 Recent first-principles calculations suggest that HfSe2 can be used as the drain in 

vertically stacked, “broken-gap” band alignment tunnel field-effect transistors (TFETs) due to the 

predicted high electron affinity of the Hf-based TMDs.10  
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In this work, we demonstrate for the first time the growth of HfSe2 thin films using molecular 

beam epitaxy (MBE). This HfSe2 growth on other 2D materials reveals the unique opportunities 

for fabricating all 2D heterostructures with appropriate band alignments to be utilized in novel 

nanoelectronic and optoelectronic devices.6,10,155,156  

The contents of this section are adapted with permission from a paper entitled “HfSe2 Thin 

Films: 2D Transition Metal Dichalcogenides Grown by Molecular Beam Epitaxy” [ACS 

Nano, 9.1, 474-480, (2014)] Copyright © 2014, American Chemical Society. The authors are 

Ruoyu Yue, Adam T. Barton, Hui Zhu, Angelica Azcatl, Luis F. Pena, Jian Wang, Xin Peng, Ning 

Lu, Lanxia Cheng, Rafik Addou, Stephen McDonnell, Luigi Colombo, Julia W. P. Hsu, Jiyoung 

Kim, Moon J. Kim, Robert M. Wallace, and Christopher L. Hinkle. My contribution was in 

planning and executing the experimental work and writing the manuscript, Adam Barton also 

contributed to the planning and executing the experimental work and writing, Hui Zhu, Angelica 

Azcatl, Luis F. Pena, and Stephen McDonnell did the XPS measurements and contributed to its 

analysis, Jian Wang conducted the Kelvin probe measurements, Xin Peng and Ning Lu performed 

the TEM characterization, Lanxia Cheng did the Raman measurement, Rafik Addou performed 

the STM characterization, Luigi Colombo, Julia W. P. Hsu, Jiyoung Kim, Moon J. Kim, Robert 

M. Wallace, and Christopher L. Hinkle provided valuable input in guiding the experiments, 

analyzing the data, and editing the manuscript.         

4.3 Experimental Details 

HOPG and MoS2 substrates were purchased from SPI supplies. HfSe2 grown by chemical 

vapor transport (CVT) was purchased from 2D Semiconductors. HfSe2 growth was performed in 

the VG-Semicon V80H MBE system described in Chapter 2. HfSe2 thin films were grown on 
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silicon (100) substrates and 1 × 1 cm2 mechanically exfoliated HOPG and MoS2 as well. Prior to 

being loaded into the vacuum chamber, HOPG and MoS2 were freshly exfoliated by scotch tape 

while the silicon substrates were treated with a standard RCA cleaning process, followed by 

dipping in 10% HF solution for one minute to remove the native oxide and passivate the dangling 

bonds on the top surface. Before each growth, the substrates were held at 450 °C for 2 hours in the 

growth chamber and the Hf and Se sources were outgassed for 2 hours to complete the sample 

surface and source preparation. During the growth, the pressure was maintained at ~ 1×10-9 mbar 

and the substrate temperature was kept at 450 °C except when specifically mentioned. The Se: Hf 

flux was maintained at a 5:1 ratio (these experiments were completed prior to our findings 

described in the previous chapter that pointed to much higher chalcogen to metal fluxes to enable 

larger grains). The Se and Hf shutters were opened and closed simultaneously, and the growth rate 

was determined to be 0.05 nm/min. For several experiments, an in-situ deposition of amorphous 

Si was used as a capping layer to eliminate the effects of atmospheric exposure on the top surface 

of the HfSe2.  

The characterization methods employed in the study of HfSe2 growth include reflection high-

energy electron diffraction (RHEED), X-ray photoelectron spectroscopy (XPS), scanning 

tunneling microscopy (STM), Raman spectroscopy, photoelectron spectroscopy, Kelvin Probe, X-

ray diffraction (XRD), transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDS), electron energy loss spectroscopy (EELS) as described in Chapter 2.    

4.4 Results and discussion 

4.4.1 Structural characterization 

Figure 4.1 shows the cross-sectional TEM image of the MBE grown HfSe2 on HOPG and 
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high angle annular dark field (HAADF)-scanning transmission electron microscopy (STEM) 

image of MBE grown HfSe2 on MoS2 achieved in this current investigation. It can be observed 

that the layered films have atomically abrupt interfaces with each substrate and are uniform. This 

demonstrates that it is possible to have layered growth of HfSe2 using van der Waals epitaxy 

without misfit dislocations associated with a lattice mismatch as large as 41%. The interlayer 

distance of the layered HfSe2 is measured to be ~0.62 nm, consistent with the reported value of 

0.614 nm for bulk HfSe2 crystals.150 The STM analysis (Figure 4.2b) indicates that the HfSe2 step 

edge height is about 6 Å, again consistent with the height of one monolayer of HfSe2.
150 The out-

of-plane XRD data of HfSe2 on HOPG can be seen in Figure 4.2d and reveals a strong (001) peak 

at 14.2 degrees. The next most intense peak, from the (003) plane, was observed at 43.8 degrees 

in the inset of Figure 4.2d. The intensity ratio of the (001) peak to the (003) peak is consistent with 

calculations based on the predicted and measured lattice constant c = 0.62 nm of 1T HfSe2. The 

STM images of HfSe2 on HOPG are shown in Figure 4.2a where the hexagonal top surface 

structure of HfSe2 is revealed while scanning tunneling spectroscopy (STS) measurements (Figure 

4.2c) show a band-gap of ~1.1 eV with a Fermi level above mid-gap (slightly n-type). Optical 

absorption results obtained in this work and by others previously reported in the literature150,151 are 

consistent with an indirect band-gap of this value. 

Raman data plotted in Figure 4.3 shows that the Eg and A1g are the Raman-active modes 118,157 

at 146 cm-1 and 199 cm-1, respectively. Raman mapping over a 20 μm by 20 μm area of Si-capped 

HfSe2/HOPG show full coverage and the intensity of the A1g mode indicates the films are of similar 

quality over this large area. The Raman results agree with previous reports of bulk HfSe2 grown 

by iodine-vapor phase transport as well as the calculated mode frequencies of the octahedral 1T 



 

82 

structure of HfSe2.
157,158 Calculations based on thermodynamic stabilities predict the 1T phase to 

be the preferred HfSe2 polytype,12 consistent with all of the experimental results in this study. 

 

Figure 4.1. (a) TEM image of grown HfSe2 on HOPG and (b) HADDF-STEM image of grown 

HfSe2 on MoS2 showing abrupt interfaces and layered crystalline films. 

 

 
Figure 4.2. (a) STM of grown HfSe2 on HOPG showing a) atomic resolution with hexagonal 

surface symmetry (Image conditions were 5 nm × 5 nm, Vbias= 0.2 V, It = 0.5 nA) and (b) 0.6 nm 

step height (50 nm × 50 nm, Vbias = 2 V, It = 0.2 nA), (c) STS |I|-V curves show a measured band-

gap of ~1.1 eV band-gap consistent with absorption data.  EF is slightly above mid-gap, (d) XRD 

data shows the (001) and (003) peaks of HfSe2 on HOPG at positions consistent with the 1T 

octahedral phase with interplanar spacing of 0.62 nm. 
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Figure 4.3. (a) Raman spectroscopy of Si-capped HfSe2 grown on HOPG and (b) corresponding 

Raman map of the 199 cm-1 peak over a 20 μm by 20 μm area showing relatively uniform growth 

over a large area. 

 

 

HfSe2 films grown on other substrates were characterized using different techniques as well 

to investigate the impact of substrates on TMD growth. The cross-section TEM image of HfSe2 

grown on silicon (100) substrates (Figure 4.4a) revealed the layered structure of HfSe2 although 

the HfSe2 layers shown were not as uniform and straight as those on HOPG. The SiO2 layer formed 

at the interface of HfSe2/Si substrate may be caused by oxidation via the diffusion of oxygen 

through the HfSe2 grain boundaries. Figure 4.4b is the comparison of Raman spectroscopy data 

from HfSe2 grown on the three different substrates. The sharp and narrow Raman peak at ~199 

cm-1 from HfSe2/HOPG sample confirms the best growth quality of HfSe2 on HOPG among these 

substrates while the same A1g peak is also presented for HfSe2/MoS2 and HfSe2/Si. To further 

investigate the possibility of van der Waals epitaxy on amorphous substrates, we attempted the 

growth of HfSe2 on ALD-grown Al2O3, where Al2O3 thin films with thickness of about 10 nm was 

grown by ALD on top of thermally grown SiO2 (2 nm) on silicon (100). The growth conditions 

for the HfSe2 were the same as with the previous experiments. The TEM image shown in Figure 

4.4c indicates that we were able to get layered HfSe2 growth in the middle part of HfSe2 film even 
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on an amorphous starting surface. In a later chapter, we optimize the growth of TMDs on ALD 

oxides.  In Figure 4.4d, the XRD plot shows the peak of HfSe2 at 14.1 degree, which confirms the 

crystallization of HfSe2 grown on amorphous surface. All the structural characterization results 

shown above suggest that the substrate does have an impact on the TMD growth although lattice 

mismatch is no longer a significant factor to consider. The best crystalline quality of HfSe2 was 

achieved on HOPG where the stable, flat 2D surface without dangling bonds is provided. Yet, the 

relaxed requirement of lattice matching still allows the crystalline growth of TMD materials on 

3D surfaces and even amorphous substrates due to the unique features of van der Waals epitaxy.     

 
Figure 4.4. (a) cross-section TEM image of grown HfSe2 on silicon (100), showing the layered 

structure of HfSe2 grown on a 3D substrate. (b) Comparison of Raman spectroscopy for HfSe2 

grown on silicon, MoS2, and HOPG substrates, where crystalline HfSe2 films were all confirmed 

while HfSe2/HOPG sample is proved to have the best growth quality HfSe2 among these substrates, 

(c) cross-section TEM image of HfSe2/Al2O3(ALD)/SiO2/Si, showing layered growth of HfSe2 in 

the middle part of the HfSe2 films, (d) XRD plot of HfSe2/Al2O3(ALD)/SiO2/Si sample showing 

the characteristic peak from HfSe2.  
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4.4.2 Experimentally determined band alignment 

The band-gap of HfSe2 grown on HOPG measured by STS (~1.1 eV), as mentioned above, 

while consistent with the 1.13 eV experimentally measured band-gap values of bulk HfSe2 grown 

by iodine-vapor phase transport,150,151 is quite different than that predicted by density function 

theory (DFT) calculations of about 0.5 eV. To further investigate the electronic structure of our 

grown HfSe2, a series of measurements were employed (Figure 4.5). The work function of the 

HfSe2 grown on HOPG, measured by the XPS low energy cutoff and by Kelvin probe 

measurements in air, is ~4.4 eV in ultrahigh vacuum and ~3.83 eV in air, both significantly lower 

than the DFT calculated work function value of 5.17 eV.159 The valence band edge, as measured 

by XPS, was determined to be ~0.7 eV below the Fermi level, i.e. 5.1 eV in ultrahigh vacuum, and 

the ionization potential as determined by the threshold of photoelectron yield in photoelectron 

spectroscopy in air (PESA)120 is ~4.93 eV; again both values are lower than the DFT prediction of 

5.37 eV.159 This experimental determination of the band alignment, confirmed by multiple 

characterization techniques, is consistent with the same measurements performed on bulk HfSe2 

crystals grown by chemical vapor transport (CVT) as well as other published band alignment data 

of hafnium disulfide (HfS2) films.150,152  We will later discuss the deviation from DFT as being 

caused by surface oxidation of the HfSe2 thin films. 

4.4.3 HfSe2 chemical analysis and surface oxidation reactivity 

Several characterization techniques confirm that the top surface of our MBE-grown HfSe2 is 

oxidized. Capping the HfSe2 film with amorphous silicon in-situ indicates that the oxidation states 

in the HfSe2 films are caused by post-growth air exposure. A detailed discussion can be found in 
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Chapter 5, where oxidation for different TMDs are compared to illustrate their variations in surface 

reactivity.  

 
Figure 4.5. (a) XPS low energy cutoff shows a measured work function of ~4.4 eV for HfSe2 

grown on HOPG, (b) XPS valence band edge shows EV resides 0.7 eV below the EF suggesting n-

type behavior consistent with STS, (c) Ionization potential measured as the threshold of 

photoelectron yield in photoelectron spectroscopy measurements of HfSe2/HOPG in air, d) 

proposed energy band alignment of HfSe2 from experimental measurements.  This differs 

significantly from recent DFT calculations. 

 

 

4.4.4 RHEED progression to determine growth mode                                                                      

In-situ RHEED patterns were measured to understand the growth process of HfSe2 on HOPG 
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at 450 °C. Before the growth of HfSe2, long streaks were observed as shown in Figure 4.6a; these 

are indicative of a flat, crystalline top surface of HOPG. After 0.5 hour growth (2-3 ML), streaks 

from HfSe2 appeared (Figure 4.6b). The ratio of the line spacing in the RHEED pattern matches 

the ratio of lattice spacing of HfSe2 from two different orientations: [112̅0] and [101̅0]. The 

appearance of HfSe2 RHEED streaks from both orientations at all rotational angles indicates that 

the HfSe2 film is wire-textured. Both the previous VDWE TMD growth reported in the literature56 

and WSe2 growth in Chapter 3 observed that the TMD layers are rotationally aligned with the 

underlying substrate, and the same scenario occurs in MBE growth of HfSe2 as well. For a given 

grain of HOPG, HfSe2 grains all have identical orientation. However, due to the highly textured 

nature of HOPG (Chapter 3), the HfSe2 grains also grow wire-textured, leading to the appearance 

of HfSe2 streaks from both [112̅0] and [101̅0] directions at all rotation angles. After 1 hour of 

deposition, Debye rings began to appear (Figure 4.6c), suggesting the onset of islands and 

polycrystalline film formation. Following 5 hours of growth, the RHEED patterns (Figure 4.6d) 

are composed of complete Debye rings with underlying streaks. This progression indicates that the 

initial growth occurs in a 2D growth mode with wire-textured rotational alignment to the substrate 

but with its own lattice structure. However, as the growth proceeds, nucleation driven islanding 

occurs. This nucleation driven islanding can be alleviated by periodically interrupting the metal 

flux as discussed in Chapter 5.    

HfSe2 growth on silicon (100) was also studied by in-situ RHEED patterns. In Figure 4.7a, 

the clear and strong streaks of 1×1 patterns suggest that the starting surface of passivated silicon 

is smooth and has long-range order. However, after 5 hours of growth, the RHEED pattern changes 

to hazy and continuous Debye rings in Figure 4.7b, indicating a polycrystalline film with no 
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preferred orientation of the top surface HfSe2. Compared with the preferred orientation of 

polycrystalline HfSe2 on HOPG, the difference in crystallization and topology of HfSe2 growth on 

silicon are likely due to the different nucleation rate and growth mode. The nucleation rate of HfSe2 

is much faster on a silicon substrate and the initial growth of HfSe2 on HOPG substrates tends to 

be in a layered growth mode. 

 
Figure 4.6. RHEED progression during the growth of HfSe2 on HOPG. (a) HOPG with no HfSe2 

growth.  (b) 0.5 hour HfSe2 growth (2-3 ML) shows two sets of streaks corresponding to the wire-

textured HfSe2. (c) 1 hour growth shows faint broken Debye rings indicating the onset of islanding. 

(d) 5 hours growth shows full Debye rings with underlying streaks. 
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Figure 4.7. RHEED patterns for the growth of HfSe2 on silicon (100). (a) Prior to HfSe2 growth, 

the clear and strong streaky patterns indicate a smooth crystalline starting surface. (b) After 5 hours 

of HfSe2 growth, blurry and continuous Debye rings indicate a rough and polycrystalline HfSe2 

film with no preferred orientation. 

 

 

4.5 Conclusions 

In summary, we have demonstrated the growth of 2D, crystalline HfSe2 thin films by molecular 

beam epitaxy. The advantages provided by the van der Waals epitaxy growth method has allowed 

for layered, crystalline growth on HOPG and MoS2 substrates with lattice mismatches of 41% and 

17%, respectively. The HfSe2 thin films exhibit an atomically sharp interface with the substrates 

used, followed by flat, 2D layers with octahedral (1T) coordination. The resulting HfSe2 is slightly 

n-type with a band-gap of ~1.1 eV and a measured energy band alignment significantly different 

from recent DFT calculations. The demonstration of HfSe2 growth on other 2D materials 

demonstrates the unique opportunities for fabricating all 2D heterostructures with appropriate band 

alignments to be utilized in novel nanoelectronic and optoelectronic devices. 
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CHAPTER 5  

WTEXSE2-X ALLOYS 

 

5.1 Abstract 

In this chapter, the growth of WTe2 thin films by MBE is demonstrated for the first time on a 

variety of two-dimensional substrates. It is shown that beam interruption of the metal source 

enables the growth of crystalline WTe2 films. In addition, a buckled structure expected for the 

semi-metallic 1T’ phase is observed with transmission electron microscopy and Raman 

spectroscopy further confirms the growth of the 1T’ phase. Then, the MBE growth of WTexSe2-x 

alloys over a range of Te concentrations are demonstrated for the first time as confirmed by X-ray 

photoelectron spectroscopy (XPS), Raman, and diffraction.        

5.2 Introduction 

As stated in Chapter 1, TMD candidates with a bandgap below 1 eV are more promising for 

achieving sub-60-mV/dec subthreshold swings with high on-current due to the exponential 

increase of the tunneling probability with decreasing bandgap. The traditional method to engineer 

the bandgap of compounds is to alloy individual semiconductors with different bandgaps and 

adjust the elemental composition in the alloy. Well-known successful cases include the InxGa1-xAs 

alloy system, CuInxGa1-xSe2 alloys for solar cells, and GaAsxP1-x alloys for light-emitting diodes 

(LED). This strategy of alloying materials can also be performed in the study of ternary TMDs to 

extend the achievable physical and chemical properties of TMDs. In recent years, mixed-metal 

TMD alloys105–108 such as MoxW1-xS2 or MoxW1-xSe2, and mixed-chalcogen TMD alloys102–104 

such as MoSxSe1-x have been studied, where a few hundred meV change of bandgap can be tuned 
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via the adjustment of the elemental stoichiometry. However, the limited tunable range of bandgap 

(< 500 meV) from the published literature and semiconducting-metallic transition for different 

phases of MoTe2
160 and MoS2

161
 motivates further attempts, given the fact that many unexplored 

options of transition metal and chalcogens are available for the ternary compounds.  

In Chapter 3, the equilibrium phase of WSe2 was shown to be the semiconducting 2H phase 

with the trigonal prismatic structure. On the other hand, WTe2 is a TMD with an equilibrium 

structure in the distorted octahedral (1T’) phase.162 The W atoms are positioned off-center in the 

WTe6 octahedra, and this leads to buckling of the monolayer.163 The W atoms in each monolayer 

thus form buckled W-W chains (with some W-W bond lengths only 0.03 Å longer than in pure W 

metal) along the a–axis,164 while the Te atoms are also buckled with a variation of 0.6 Å in their 

relative positions.162 This 1T’ phase of WTe2 is a semi-metal162 and suggests a potential route of 

semiconducting-metallic transition to obtain sub-one-eV bandgap TMDs when alloying WTe2 

with WSe2.  

In this chapter, the study of alloyed WTexSe2-x is presented, starting with an MBE-grown 

WTe2 study that was adapted with permission from the paper entitled “WTe2 thin films grown by 

beam-interrupted molecular beam epitaxy” [2D materials, 4(2), 025044 (2017)] Copyright © 2017, 

IOP Publishing Ltd. (https://creativecommons.org/licenses/by/3.0/) by Lee A. Walsh, Ruoyu Yue, 

Qingxiao Wang, Adam T. Barton, Rafik Addou, Christopher M. Smyth, Hui Zhu, Jiyoung Kim, 

Luigi Colombo, Moon J. Kim, Robert M. Wallace, and Christopher L. Hinkle. My contribution 

was to perform the MBE growth of WTexSe2-x alloys and data analysis, Lee Walsh led the MBE 

experiments of unalloyed WTe2 and the WTe2 manuscript writing, Qingxiao Wang contributed on 

TEM measurements, Adam Barton contributed on experiment design, Raman spectroscopy, and 
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XPS data analysis, Rafik Addou performed the STM and STS measurements, Chris Smyth and 

Hui Zhu helped on the XPS data acquisition, Jiyoung Kim, Luigi Colombo, Moon Kim, Robert 

Wallace, and Christopher Hinkle contributed on experimental design, data analysis, and 

manuscript revision. 

5.3 Experimental details 

HOPG and MoS2 substrates were purchased from SPI supplies. C-plane sapphire substrates 

(for Bi2Te3 growth) were purchased from University Wafer. WTe2 grown by CVT was purchased 

from 2D Semiconductor. WTe2 and WTexSe2-x growth was performed in the VG-Semicon V80H 

MBE system (an effusion cell for selenium and an e-beam evaporator for tungsten). For the Te 

source, an effusion cell was used for the initial WTe2 growth and a thermal cracker was used for 

WTexSe2-x growth. WTe2 was grown on freshly mechanically exfoliated surfaces of HOPG and 

MoS2, while WTexSe2-x was grown only on HOPG. More information about sample preparation 

can be found in the experimental details of Chapter 3. The growth temperature was 275 C for all 

substrates due to the low temperature of Te desorption. Te-base and W flux pressures were 8 x 10-

7 and 4 x 10-9 mbar, respectively, while the Se flux pressure was varied between 1 × 10-9 and 1 × 

10-8 mbar to adjust the stoichiometry in the alloys. Shutters for the elemental sources in operation 

were opened simultaneously to initiate growth and, during the beam interruption, the chalcogen 

shutters were kept open while the W shutter was opened for 30 s and closed for 90 s. The growth 

rate of WTe2 on MoS2 was determined to be ~0.025 nm/min from TEM, and ~0.056 nm/min and 

~0.011 nm/min for growth on Bi2Te3 and HOPG respectively, as determined by RHEED. The 

lower number of defects and larger grain sizes of HOPG results in a smaller number of nucleation 

sites compared to the other substrates and explains the differences in growth rate on the various 
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substrates. For TEM of WTe2, an in-situ deposition of ~20 nm amorphous Si was used as a capping 

layer to eliminate the effects of atmospheric exposure on the top surface of the WTe2. 

Different characterization methods were performed to assist the WTe2 and alloys study, 

including transmission electron microscopy (TEM), scanning tunneling microscopy (STM), 

scanning tunneling spectroscopy (STS), X-ray photoelectron spectroscopy (XPS), and Raman 

spectroscopy. More description about the characterization tools can be found in Chapter 2. The 

information for WSe2 growth (Chapter 3) and HfSe2 growth (Chapter 4) used in the TMD surface 

oxidation discussion can be found in the experimental details of chapters 3 and 4. 

5.4 Results and discussion 

After the completion of the detailed study of MBE-grown WSe2 in Chapter 3, it is necessary 

to first have a good understanding about the MBE growth of WTe2 before the ultimate 

investigation of WTexSe2-x alloys. Knowledge about the two stoichiometric extreme cases will 

provide valuable reference data for the later engineering of the alloy composition.   

5.4.1 Beam interruption strategy  

WTe2 growth In MBE, the sticking coefficients of chalcogens are well known to be 

significantly lower than for transition metals (e.g. W) at the same substrate temperature.165 

Additionally, when Te is evaporated from a conventional effusion cell, the generated Te flux is 

composed of a range of Ten cluster sizes (n=1-8)166 with Te2 dimers, with large dissociation 

energies, being the most abundant species.167 The difficulty of creating atomic Te168 severely 

suppresses reactivity and calls for adjustment of precursor chemistry to increase Te incorporation.  

We begin by describing attempts at “conventional” MBE growth of WTe2, where the W and 

Te shutters are opened simultaneously.  Due to the lack of atomic Te, this conventional growth 
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results in a film that is Te-deficient. A diffuse Debye ring pattern is observed in the RHEED image 

(Figure 5.1a), indicating a mix of amorphous and polycrystalline growth. XPS analysis of the same 

sample after a 15 min ex-situ transfer shows the resultant film has some crystalline WTe2 with a 

number of additional chemical states including metallic W (31.1 eV) and Te-Te bonding (41.0 eV), 

as shown in Figure 5.1b. The presence of these additional states indicates that there is a large 

concentration of metallic W due to the atomic-Te deficient environment. A W:Te stoichiometry of 

1:1.71 can be determined from the XPS spectra. In addition, a significant signal from WO3 (35.7 

eV) is observed along with a suboxide state (WOx) (32.4 eV).   

 
Figure 5.1. (a) RHEED for a ~3 ML film of WTe2 grown on HOPG without beam interruption 

showing diffuse Debye rings indicating a mix of amorphous and polycrystalline growth.  (b) XPS 

spectra of the Te 4d, W 4f, and W 5p3/2 core levels of the same sample showing lower Te-

incorporation and increased tungsten oxidation caused by air exposure during the ex situ transfer 

to the XPS analysis chamber.  

 

 

The low concentration of atomic Te can be addressed by interrupting the W-flux during 

growth (keeping the W shutter open for 30 s and closing it for 90 s). This technique uses a similar 

concept to migration enhanced epitaxy (MEE) to effectively adjust the ratio of the two precursors. 

This idea was pioneered by Horikoshi et al 169in the MBE growth of AlGaAs and later adopted by 

Koma et al., to control the metal flux during the growth of NbSe2
61 where continuous uniform 2D 

(a) (b)

WTe2 grown	on	HOPG
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growth up to 100 nm was achieved. The beam interruption strategy increases the effective Te: W 

ratio via extending the reaction time of Te with the W adatoms before further W deposition occurs. 

The growth improvement can be seen in the RHEED patterns for WTe2 grown on MoS2 as shown 

in Figure 5.2a-b. The WTe2 RHEED streaks in the [010] direction are observed at the same rotation 

angle as those of the MoS2 substrate indicating the presence of a rotationally aligned, crystalline 

film with preferred orientation. The lattice constant of WTe2 in the [010] direction, extracted from 

the spacing between the RHEED streaks, is 6.580.20 Å, consistent with that expected for WTe2 

in the 1T’ phase.170 Additionally, upon rotation of the sample by 90°, a different reciprocal lattice 

spacing of 3.750.11 Å is observed, consistent with the lattice spacing along the [100] direction of 

1T’ WTe2. XPS spectra of WTe2 grown on MoS2 using the beam-interruption method, are shown 

in Figure 5.2c. In contrast to the sample grown without beam interruption (Figure 5.1b), the W 4f 

spectrum is composed of only three chemical states: WTe2, WO3, and a small feature consistent 

with WS2 (31.6, 35.5, and 33 eV, respectively), with no detectable metallic W-bonding. Two 

distinct chemical states are present in the Te 4d spectra due to the WTe2 and a small TeO2 peak 

(40.4 and 43.9 eV, respectively). The calculated W/Te ratio (1:2.08) is consistent with standard 

stoichiometry considering the experimental error of the XPS atomic sensitivity factors and fitting 

(±0.2 in reported ratios). Valence band spectra for the same sample and a bare MoS2 reference are 

shown in Figure 5.2d. Bare MoS2 exhibits a valence band offset (VBO) of 1.2 eV, consistent with 

n-type behavior considering the 1.23 eV band-gap of bulk MoS2.
171 The valence band spectrum 

for WTe2 grown on MoS2 on the other hand shows a VBO of 0 eV which can indicate either that 

the WTe2 is metallic or that it is a heavily p-type doped semiconductor. As the 1T’ phase of WTe2 

is a semi-metal170 and our grown films exhibit signatures of only the 1T’ phase in RHEED and 
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Raman (shown later), the metallic interpretation of the VBO XPS data is consistent here. This 

metallic behavior is further confirmed by scanning tunneling spectroscopy (STS) of WTe2 grown 

on HOPG as shown in Figure 5.2e.  

 
Figure 5.2. RHEED patterns from the (a) [010] and (b) [100] directions of 3-layer WTe2 grown on 

MoS2. The streaks correspond to the reciprocal lattices of the 1T’ phase of WTe2. (c) XPS spectra 

of the Te 4d and W 4f core levels of WTe2 grown on MoS2 using the beam-interruption method.  

Stoichiometric WTe2 is achieved through this technique. (d) XPS valence band spectra of bare 

MoS2 and WTe2 grown by MBE on MoS2 showing the metallic behavior of the WTe2. (e) STS 

spectra and a scanning tunneling microscopy (STM, 20 × 20 nm2) image (inset, 5 × 5 nm) of 

monolayer WTe2 grown on HOPG confirming the metallic nature of the grown WTe2.   

 

 

1T’ phase WTe2 Figure 5.3a shows Raman data of WTe2 grown on HOPG. The A1
3, A1

7, and 

A1
9 peaks are observed at 126, 170, and 217 cm-1, respectively.  These peak positions are consistent 

with previous measurements of 3-4 ML thick films of CVT grown WTe2
172 (bulk film peak 

positions are ~3 cm-1 lower). This Raman data in conjunction with the RHEED images confirm 

that the growth is unstrained. 
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Cross-section high angle annular dark field (HAADF)-STEM images of 2-3 ML WTe2 grown 

on MoS2 are shown in Figure 5.3b-c. The images were taken along the [010] and [110] directions, 

with the expected structures shown in the inset cartoons and in agreement with TEM of CVT 

grown material.164 The predicted and experimentally observed structures along both 

crystallographic directions are in excellent agreement, and the buckled structure of the 1T’ phase 

is clearly evident along the [010] direction.  The uniform layered growth and sharp interface 

between the WTe2 and MoS2 is observed with no evidence of misfit dislocations. The cross 

sectional TEM shows that the WTe2 and MoS2 are aligned along a major zone axis, which, in 

conjunction with the aforementioned RHEED, indicates rotational alignment between the two 

materials (within the 1-2° uncertainty associated with the techniques).   

 
Figure 5.3. (a) Raman spectra of WTe2 grown by MBE on HOPG showing the peaks expected for 

WTe2 in the 1T' structure with peak positions and relative intensities indicative of a 3 ML thick 

film. Cross-sectional TEM of in-situ Si-capped WTe2 grown by MBE on MoS2 taken along the (b) 

[010] and (c) [110] directions. The inset cartoons show the expected structure along these 

crystallographic directions, consistent with the atomic positions measured by TEM. 

 

 

Nucleation control of WSe2 growth Considering the significant influence of the C/M ratio on 

the nucleation density as discussed in Chapter 3, the impact of beam interruption on the nucleation 

density of WSe2 was also investigated. As shown in Figure 5.4a-b, under the same length of real 

growth time, the adoption of metal beam interruption has a significant impact on the nucleation 

MoS2
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density since the W beam interruption further reduces the W adatom density on the surface, which 

directly affects the nucleation density. WSe2 growth at higher W flux in Figure 5.4c-e again 

confirms the nucleation density reduction via the W beam interruption. Moreover, the different 

interruption durations shown in Figure 5.4d-e indicates that higher interruption frequency further 

limits the nucleation density.  

 
Figure 5.4. The comparison of WSe2 growth with and without W beam interruption: (a-b) is at W 

flux of 5 × 10-9 mbar, (c-e) is at W flux of 1 × 10-8 mbar. Different nucleus counts in each figure 

confirm that the use of beam interruption and the interruption frequency has a big impact on 

nucleation density.  

 

 

5.4.2 WTexSe2-x alloys growth   

The most important lesson learned from the successful MBE growth of the 1T’ phase of WTe2 

is the difficulty of Te incorporation. In the first several initial attempts of WTexSe2-x alloy growth, 

we observed that the Te was very challenging to alloy in the growth of WTexSe2-x ternary 

compounds even with a high flux pressure ratio of Te:Se. XPS spectra of the W 4f, Se 3d, and Te 

4d core levels in Figure 5.5 compare the results from WTe2, WSe2, and WTexSe2-x films grown on 
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HOPG substrates. This WTexSe2-x film is grown at a chalcogen flux pressure ratio (Te:Se) of 100:1 

with an interrupted W beam (30 s shutter open and 90 s shutter closed). The WSe2 and WTe2 data 

are from previous samples shown earlier to achieve crystalline TMDs with standard stoichiometry. 

For the WTexSe2-x films, the extremely weak Te 4d peak and almost identical peak position of the 

W 4f core level to the one from the WSe2 sample indicates that the grown films are nearly 

completely composed of WSe2 with only a small amount of Te included. This XPS comparison 

highlights the great advantage of Se atoms over Te atoms to react with W adatoms on the surface 

during growth.  

 
Figure 5.5. XPS spectra, including the W 4f, Te 4d and Se 3d core levels, for the WSe2, WTe2, and 

WTexSe2-x films on HOPG substrates. Under a high Te:Se flux ratio (100:1) growth environment, 

the extremely weak Te 4d peak in WTexSe2-x spectra highlights the challenge of Te incorporation 

during alloy growth.  

 

 

In order to further increase the atomic Te during WTexSe2-x growth, we replaced the 

conventional Te effusion cell with a thermal cracker which enables us to crack the Te clusters into 

atomic Te atoms through the high-temperature cracker. The Se flux and Te flux were adjusted to 

control the composition of the WTexSe2-x alloy. The detailed experimental setup can be found in 

the appendix.     
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   The RHEED patterns in Figure 5.6 show the in-situ characterization of monolayer WTexSe2-

x alloys grown on HOPG substrates with different Te and Se fluxes. The corresponding chemical 

formulas labeled were calculated using XPS measurements as discussed later. Recalling the earlier 

discussion of the growth of WSe2 on wire-textured HOPG, the RHEED streaks (Figure 5.6a) from 

both [101̅0] and [112̅0] directions with different intervals appear at all sample rotation angles due 

to the HOPG wire-texturing. The extracted lattice constant (a = 3.29 Å ± 0.1 Å) is consistent with 

the reports from other literature.132 As we increase the Te flux into the growth of the WTexSe2-x 

alloys, the RHEED patterns stay the same for alloys with low Te concentration as shown in Figure 

5.6b-c. For WTe0.086Se1.914 and WTe0.13Se1.87 alloys, identical RHEED streak intervals (within 

error) to those of WSe2 crystals (Figure 5.6a) suggest an unchanged lattice constant. The streaks 

from the underlying HOPG are barely seen in Figure 5.6b-c confirming the nearly full surface 

coverage of the alloy growth. The weak intensity of the RHEED streaks indicates a degraded 

crystallization of the alloys compared to the WSe2 growth. For the bulk WTexSe2-x alloys grown 

by chemical vapor transport (CVT),97 it was shown that the alloys will be in the 2H phase for x < 

1, the coexistence of the 2H and 1T’ alloy phases for 1 < x < 1.2, and 1T’ phase for x > 1.2. 

However, for the MBE-grown WTexSe2-x alloys, the 1T’ RHEED patterns start to appear in the 

WTe0.52Se1.48 alloy with Te:Se flux ratio of 800 (Figure 5.6d). The intensity of these 1T’ streaks is 

gradually enhanced as more Te is incorporated in the alloys as shown in Figure 5.6d-f. Compared 

to the Te incorporation (1 < x < 1.2) when phase transition occurs in CVT-grown WTexSe2-x alloys, 

the much lower Te incorporation (x = ~0.52) for the phase transition in MBE-grown alloys might 

be related to the much lower growth temperature for MBE synthesis.  
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Figure 5.6. RHEED patterns for WTexSe2-x alloys grown by MBE on HOPG substrates. For low 

Te concentration (x < 0.52), alloy RHEED streaks possess the same interval distance with that of 

WSe2, indicating the 2H phase alloys with similar lattice constant to that of WSe2. The appearance 

of streaks with WTe2-characteristic intervals in Figure 5.12d-f indicates the formation of 1T’ phase 

alloys. The irregular marks on Figure 5.6 b,c,d,e,f  are due to artifacts on the RHEED screen, not 

from the sample diffraction.  
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More information about the alloys with varied Te concentrations can be revealed from the 

Raman spectroscopy as shown in Figure 5.7a. For WSe2, two peaks at ~250 cm-1 (overlapping of 

in-plane E1
2g mode and out-of-plane A1g mode) and ~260 cm-1(second order resonant Raman 

mode), indicate the crystalline 2H WSe2 phase. Incorporation of Te in the alloys (x ≤ 0.13) induces 

a reduction of peak intensity for the characteristic peaks as shown in Figure 5.7a, which can be 

explained by the high-frequency vibration caused by heavy Te atoms in the alloys. The peak (~ 

250 cm-1) for the overlapping E1
2g and A1g modes splits into two peaks and the E1

2g peak undergoes 

a redshift. The peak around 125 cm-1 also appears for the WTe0.086Se1.914 and WTe0.13Se1.87 alloys, 

consistent with the observation from CVT-grown alloys.97 Continuing the increase of Te 

incorporation (x ≥ 0.52) will cause a great reduction of Raman peak intensity. The Raman plots in 

Figure 6.7b show the weak and broad peaks for WTe0.52Se1.48 and WTe0.69Se1.31, consistent with 

the 2H phase WTexSe2-x alloys grown by CVT.97 Combining this information with the WTe2-

characteristic peaks in the RHEED pattern study, leads to the conclusion that the 2H and 1T’ 

phases coexist for the Te incorporation range of 0.52 ≤ x ≤ 0.69. The absence of Raman 

characteristic peaks for the 1T’ phase WTexSe2-x alloys in these curves could be attributed to the 

more severe oxidation of the 1T’ phase WTexSe2-x in the monolayer alloys after air exposure. The 

almost flat curve for the WTe1.25Se0.75 alloy in Figure 5.7b confirms the lack of 1T’ phase alloy 

characteristic Raman peaks, whereas for thick WTe2 films, three distinct peaks at 126, 170, and 

217 cm-1 (corresponding to A1
3, A1

7, and A1
9 respectively) are consistent with the data from CVT 

grown WTe2.
172        
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Figure 5.7. (a) Raman spectroscopy comparison for MBE-grown WTexSe2-x alloys on HOPG. With 

more Te incorporated (x ≤ 0.69), the intensity for the 2H phase peaks gradually decrease together 

with a redshift of the E1
2g peak. The 1T’ phase WTexSe2-x peaks are absent due to the weak signal 

and oxidation. (b) A zoomed-in plot for the alloys in Figure 5.7a that have indistinct Raman peaks.  

 

 

XPS measurements also provide valuable information about the chemical states and 

stoichiometry ratio of the MBE-grown alloys. XPS spectra (W 4f, Te 4d and Se 3d core levels) in 

Figure 5.8 combine the data from WTexSe2-x alloys of different Te concentrations. For pure WSe2 

and WTe2, W 4f doublets have different peak positions due to the different binding energy of W-

Se bonding and W-Te bonding. Additionally, chalcogen peaks for WTe2 and WSe2 exhibit clearly 

defined doublets, suggesting a single state of chalcogen atoms in these TMDs. Calculations of the 

stoichiometry in these films indicate the standard 1:2 stoichiometry considering the experimental 

error of the XPS atomic sensitivity factors and fitting. As Te starts to be incorporated in WSe2 

films for alloy formation, the W peak position begin to shift towards lower binding energy due to 

the lower electronegativity of the Te atom. In the W 4f spectra for WTe0.52Se1.48 and WTe0.69Se1.31 

alloys, the broader W doublets compared to the other alloys are again indicative of two chemical 

states for W atoms, suggesting that the 2H and 1T’ phase alloys coexist in the films (phase 
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separation). Higher Te concentration increases the air instability (higher intensity WOx 

component) of the TMD alloys as shown in Figure 5.8. Another obvious progression observed in 

the XPS spectra is the increasing intensity of the Te peaks and decreasing intensity of the Se peaks. 

The ratio of Se to Te has been calculated according to their peak area and relative sensitivity factors.  

 
Figure 5.8. XPS spectra for WTexSe2-x alloys grown by MBE on HOPG substrates, including W 

4f, Te 4d and Se 3d core levels. With higher Te concentration, not only the Se:Te stoichiometry 

ratio decreases, but also the W 4f doublet is observed to shift to lower binding energy, indicating 

the alloyed chemical environment of the W atoms. More oxidation of the films occurs when more 

Te is incorporated in the alloys. The broad peaks for WTe0.52Se1.48 and WTe0.69Se1.31 indicate phase 

separation. 
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 The valence band offsets (VBO) of the WTexSe2-x alloys obtained from the XPS valence band 

spectra, as shown in Figure 5.9, can be employed to determine the position of the valence band 

maximum with respect to the Fermi level. The VBO for pure monolayer WSe2 is about 0.91 eV in 

Figure 5.9, consistent with the band alignment results of WSe2 in Chapter 3. After Te is slightly 

incorporated in WSe2 films for alloy formation, The VBO reduces to ~0.58 eV and ~0.48 eV for 

WTe0.086Se1.914 and WTe0.13Se1.87 alloys, respectively. The reason for this reduction could be either 

an increased unintentional doping concentration or a reduced bandgap. Further increasing the Te 

concentration to x = 0.52 gives a VBO of 0 eV, consistent with the formation of the 1T’ phase 

WTexSe2-x alloys indicated from the RHEED patterns in Figure 5.9.  

 
Figure 5.9. XPS valence band spectra for the MBE-grown WTexSe2-x alloys with varied Te 

concentrations. Increasing the Te incorporation causes a reduction of the VBO eventually 

becoming semi-metallic.   
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5.4.3 TMDs surface reactivity  

Comparing the chemical analysis (XPS) of different TMDs grown in our lab, distinct 

variations of surface oxidation were observed.  

HfSe2 Several characterization techniques confirm that the top surface of our MBE-grown 

HfSe2 is oxidized. Figure 5.10a-b shows the optical microscope images of uncapped HfSe2/HOPG 

before and after the measurement of Raman spectroscopy. The significant difference indicates that 

the surface is “burned” from the Raman laser, even under very low intensity.  This observation 

suggests the poor stability of HfSe2 thin films which contributes to oxidation. To further investigate 

the oxidation issues of HfSe2 thin films, energy-dispersive X-ray spectroscopy (EDS) was 

performed on different regions of HfSe2 grown on HOPG (Figure 5.10c). After comparing the 

signal intensity to that of Cu as a reference, it was observed that for the top, non-layered part of 

HfSe2, there is a relatively large amount of oxygen present, while the oxygen intensities in the 

layered HfSe2 are similar to of the HOPG substrate. Moreover, the XPS spectra of HfSe2 grown 

on HOPG at a substrate temperature of 550 °C are shown in Figure 5.10f-g. The Hf 4f spectrum in 

Figure 5.10f is comprised of two chemical states, HfSe2 and HfOx. We also detect two chemical 

states in the Se 3d spectrum shown in Figure 5.10g, assigned to Se-Hf bonding (HfSe2) and a Se-

Se chemical state. Curve fitting and calculations show that the Hf: Se ratio in the crystalline HfSe2 

is very close to 1:2.  
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Figure 5.10. Photograph of uncapped HfSe2/HOPG sample (a) before and (b) after Raman 

spectroscopy, where the difference indicates the burning of the HfSe2 top surface by the Raman 

laser, (c) EDS spectroscopy across the different parts of an uncapped HfSe2/HOPG sample, 

showing the different intensity of oxygen peaks with respect to the intensity of the Cu peak as a 

reference. (d) HAADF-STEM image of an uncapped HfSe2/MoS2 sample and the non-layered 

structure for the top region of HfSe2 films suggests the oxidation of the HfSe2 surface. (e) The 

EELS analysis for the corresponding MoS2/HfSe2 sample in Figure 5.10d confirmed the oxygen-

rich, selenium-poor condition for the non-layered HfSe2 parts. f) XPS spectra of uncapped 

HfSe2/HOPG showing a narrow, sharp crystalline HfSe2 chemical state and HfOx state. g) XPS 

spectra of Se 3d for the same sample of HfSe2 on HOPG in Figure 5.10f.       



 

108 

To investigate the source of the oxidation, HfSe2 films were capped with amorphous silicon 

in-situ before taking out of vacuum, which is shown in Figure 5.11a-b with cross-sectional 

HAADF STEM images at different magnifications. Electron energy loss spectroscopy (EELS) 

analysis of the Si-capped sample in Figure 5.11c shows that the oxygen concentration in the grown 

HfSe2 is below detection limits, suggesting that the HfOx state is caused by exposure to air post-

growth and not oxygen in the layered HfSe2. To further solve the HfSe2 top layer oxidation issue, 

a temperature study of HfSe2 grown on HOPG with substrate temperatures ranging from 400 °C 

to 550 °C was performed with all other parameters held constant. It can be clearly observed in 

Figure 5.11d that when the substrate temperature is increased from 400 °C to 550 °C, the Hf-oxide 

that grows upon air exposure is decreased significantly indicating that the higher growth 

temperature results in a more chemically stable HfSe2 film that has improved crystalline quality 

and is more resistant to top surface oxidation. Similar oxidation of the HfSe2 top surface was also 

seen in purchased HfSe2 bulk crystals grown by CVT at T > 900 °C. The Hf 4f spectrum (Figure 

5.11e) and Se 3d spectrum (Figure 5.11f) acquired from a CVT grown sample exfoliated using 

scotch tape and exposed to air for 5 minutes shows approximately the same level of top surface 

oxidation as our MBE grown samples, while in-situ exfoliation of the purchased samples reveals 

no detectable oxygen in the film (Figure 5.11g).  
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Figure 5.11. (a-b) Cross-section HAADF-STEM image of Si-capped HfSe2 on grown on HOPG. 

c) EELS analysis across the sample shows oxygen below detectible limits in the HfSe2. (d) XPS 

of HfSe2 grown at different substrate temperatures: the higher the growth temperature, the less 

oxidation upon air exposure. XPS spectra of purchased bulk HfSe2 crystals for (e) the Hf 4f 

spectrum and (f) the Se 3d spectrum after ex-situ exfoliation and exposure to air for five minutes. 

(g) Hf 4f spectrum of a CVT grown sample shows HfOx below detectible limits after exfoliation 

in UHV. 
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XPS measurements were also carried out on the Si-capped HfSe2 grown on Si samples. We 

deposited HfSe2 on HF passivated silicon wafer and capped it in-situ with a Si thin film. The 

growth conditions for HfSe2 were kept the same as before and the thickness of the silicon capping 

layers was 3nm. After the capping deposition, the sample was transferred to the XPS chamber. 

The XPS spectra for capped HfSe2 on silicon are shown in Figure 5.12. From the Hf 4f spectrum 

in Figure 5.12a, sharp Hf-Se bonding peaks are present with no Hf-O bonding peaks. For the Se 

3d spectrum in Figure 5.12b it is seen that there is no Se-O bonding component, but there is a Se-

Se bonding peak. The excess Se during the growth does not “desorb” due to the capping layer. 

From the calculation of the fitting curve areas, the ratio of total Hf to total Se is around 1:2.57 

while the ratio of Hf-Se component to Se-Hf in the layered HfSe2 is 1:2.07, which suggests again 

the crystalline HfSe2 we obtained is within the standard stoichiometry and uncapped HfSe2 thin 

films become oxidized on the top surfaces after atmospheric exposure.  

 
Figure 5.12. XPS spectrum of Si (3 nm)/HfSe2/Si: (a) Hf 4f XPS spectrum and (b) Se 3d XPS 

spectrum suggesting the HfOx state is below the detection limit of XPS after in-situ silicon capping 

which again confirms higher surface reactivity of HfSe2.   
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WTe2 The oxidation of W and Te observed in the XPS spectra shown in Figure 5.2c, as 

suggested in the HfSe2 film, is caused by the atmospheric exposure of the samples during transfer 

to the ex-situ XPS system. The stability of the grown films is compared to exfoliated, chemical 

vapor transport (CVT) grown films in Figure 5.13a. The oxidation behavior is similar in both 

sources of WTe2, with a slightly higher level of W oxidation observed in the MBE grown film and 

identical levels of Te oxidation after 15 mins of air exposure. Oxidation of TMD films 

preferentially occurs at the grain edges,89 and the smaller grain size of the MBE-grown WTe2 

compared to the CVT-grown material results in the increase in tungsten oxide. In order to confirm 

the origin of this oxide, an identical WTe2 film was grown on MoS2 and then capped in-situ with 

a 20 nm amorphous-Si layer prior to TEM imaging. EELS line scans (Figure 5.13b-c), show no 

oxygen signal in the film confirming that the oxygen observed was from the air-exposure during 

ex-situ transfer.  

 
Figure 5.13. (a) Normalized Te 4d and W 4f core levels of WTe2 grown by MBE on MoS2 and 

exfoliated CVT grown WTe2 after 15 min atmospheric exposure showing similar levels of 

oxidation. (b) Cross-section TEM image of in-situ Si capped WTe2 grown on MoS2 and the (c) 

accompanying EELS line scan taken as shown in (b). This verifies that no oxygen is present in the 

as-grown film. The overlap observed between the S and Te signals is due to the uneven surface of 

the exfoliated MoS2.  

 

 

WSe2 In the XPS data for WSe2 grown on HOPG (Figure 5.14), no detectable oxidation of the 

WSe2 is seen in either the Se 3d or W 4f core levels after a 15 min air exposure during sample 



 

112 

transfer to the ex-situ XPS system. Only one chemical state assigned to W-Se bonding is detected 

in both peaks, which is from the crystalline WSe2. The peak at ~37.5 eV is due to the W 5p core 

level, not due to any W oxidation state. The W:Se stoichiometry was calculated from this data to 

be 1:2.1, which is consistent with the standard stoichiometry considering the experimental error of 

XPS atomic sensitivity factors. This lack of any surface oxidation is in contrast to the HfSe2 and 

WTe2 just discussed where significant oxidation was detected in the Hf 4f spectra and W 4f after 

similar air exposure.28  

 
Figure 5.14. XPS spectra of the Se 3d and W 4f  core levels for WSe2/HOPG samples showing a 

single chemical state (W-Se), indicating no detectable oxidation after 15 min air exposure. 

 

 

Other TMDs Similar XPS experiments carried out on MoS2 did not exhibit Mo oxidation. The 

different surface oxidation reactivities of TMDs (HfSe2, WTe2, WSe2, MoS2) as discussed above 

suggest that the different ambient stability among TMDs is caused by the variation in M-X bonding 

strength. The stronger M-X bonding in MoS2 or WSe2  compared to the one of WTe2, HfSe2 leads 

to a higher oxygen adsorption kinetic barrier and a slower oxidation rate.173 This speculation is 
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further confirmed by the XPS comparison of HfS2 and MoS2 conducted by Hui Zhu and Rafik 

Addou from Professor Robert Wallace’s group. When freshly exfoliated HfS2 (CVT) is exposed 

to air for about 2 minutes prior to XPS measurement in vacuum, only the Hf-S bonding state is 

detected in the Hf 4f spectra (Figure 5.15a). However, if the air exposure time before XPS 

measurement increases to 49 hours for exfoliated HfS2, significant amounts of Hf-S-O bonding is 

mixed with the Hf-S bonding component in Hf 4f spectra (Figure 5.15a), indicating considerable 

oxidation occurs during exposure to atmosphere. In contrast, there is no detectible MoS2 oxidation, 

only the Mo-S component in the Mo 3d spectra (Figure 5.15b), even if the exfoliated MoS2 is kept 

in atmosphere for 3 days before being loaded into the XPS chamber.  

 
Figure 5.15. XPS measurements of a) Hf 4f spectra for purchased HfS2 after exfoliation with 2 

minutes and 49 hours air exposure before XPS measurement. b) Mo 3d spectra for exfoliated MoS2 

with 3 days exposure in atmosphere before being loaded into vacuum.   

 

 

5.5 Conclusions 

 

To prepare for the WTexSe2-x alloy study, we have demonstrated the first-ever MBE growth 

of WTe2 thin films on substrates such as MoS2 and HOPG, and the use of a W beam interruption 

technique enables high-quality, stoichiometric WTe2. In-situ RHEED patterns and ex-situ Raman 
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spectra indicate that the grown WTe2 is in the expected distorted octahedral (1T’) structure, 

confirmed by high-resolution TEM images. XPS confirms that the WTe2 films are stoichiometric 

and, along with STS, confirm the expected semi-metallic nature. In addition, WTexSe2-x alloys 

with a Te composition gradient were grown on HOPG substrates. RHEED patterns in conjunction 

with Raman spectroscopy, demonstrated the first-ever synthesis of WTexSe2-x alloys by MBE and 

the 2H-1T’ phase transition. XPS measurements not only confirmed the gradual tuning of the 

stoichiometric ratio but also revealed the progression of chemical states and valence band offsets 

in alloys. Phase separation is observed for WTexSe2-x alloys with the Te concentration range of 

0.52 ≤ x ≤ 0.69. TMD materials with different levels of surface oxidation were investigated by 

multiple techniques and variations in metal-chalcogen bond strength accounts for the different 

amounts of surface oxidation. 
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CHAPTER 6  

WSE2 GROWTH ON OXIDE LAYERS AND DEVICE INTEGRATION 

 
6.1 Abstract 

In this chapter, we apply the knowledge learned from the nucleation and growth study of WSe2 

combined with beam-interruption to enable better quality WSe2 growth on amorphous oxide layers 

for device integration. Crystalline growth was achieved and variations in growth quality were 

observed for different oxide layers as determined by a series of characterization techniques. The 

inferior WSe2 growth on HfO2 layers is attributed to the crystallization of amorphous HfO2 during 

the substrate preparation stage prior to growth. WSe2 grown on atomic layer deposited (ALD) 

Al2O3 on a Si platform is demonstrated in field-effect transistors (FETs) with back-end-of-line 

(BEOL) compatible fabrication temperatures (< 550 °C). Using electric double layer (EDL) gating, 

devices fabricated by our collaborators exhibiting ambipolar behavior with drain currents 

exceeding 1 μA/μm and ON-OFF ratios greater than 104 are shown. Field effect hole mobilities 

greater than 40 cm2/V∙s were measured which is orders of magnitude higher than other MBE 

reported TMD mobilities. The combination of relatively high-mobility devices with BEOL 

compatible processing indicates the potential for integrating TMD materials into CMOS process 

flows in future technologies. 

6.2 Introduction 

Great effort in recent years has been put into attempts to enable WSe2, the most promising 

candidate for devices in the TMD family due to its suitable band alignment and carrier effective 

mass, for low-power device applications.72,174,175 Large grains of WSe2 with atomically sharp 
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interfaces and related device fabrication have been realized through high temperature growth of 

chemical vapor deposition (CVD).176–182 However, the requirement of high growth temperature 

sets a technical barrier for integrating the CVD-grown films into Si CMOS fabrication platforms, 

where thermal budgets are typically limited to 550 °C or lower. With the potential to alleviate this 

issue and provide TMD materials with even higher purity, MBE growth of WSe2 has been explored 

by several groups.31,183,184 Although crystalline growth of WSe2 with consistent structural and 

optical properties has been demonstrated, devices fabricated from MBE-grown WSe2 have not yet 

been reported.  With the improved quality WSe2 growth described earlier, we are in an excellent 

position to be the first group to realize device quality WSe2. However, as reported, our large grain, 

high-quality films were grown on HOPG, which, as a semi-metal, prevents direct FET device 

fabrication to analyze the MBE grown WSe2. 

To electrically evaluate the film quality of our WSe2 grown on HOPG substrates, WSe2 films 

were transferred using polydimethylsiloxane (PDMS) stamps onto 270 nm thick SiO2 thermally 

grown on Si substrates. Under the optical microscope, WSe2 flakes with medium blue color (~3-5 

nm thick) and dimensions larger than 50 μm2 were identified and measured by Raman 

spectroscopy to confirm the absence of graphite layers. Back-gate transistor devices were later 

fabricated on these flakes with process details described in the appendix. The top view of an 

example finished device is shown in Figure 6.1a, where some regions of the WSe2 channel were 

peeled off during the lift-off process. The corresponding transfer curve in Figure 6.1b shows the 

IDS-VBG characteristics at VDS bias of 0.5 V, indicating a p-type semiconductor consistent with 

reports from exfoliated WSe2.
181 The ON-OFF ratio is over 103 with the calculated field effect hole 

mobility of ~0.1 cm2/V∙s using the equation  
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μ = (
L

W𝐶𝑜𝑥𝑉𝐷𝑆
)(
𝛥𝐼𝐷𝑆
𝛥𝑉𝐵𝐺

) 

in the linear region, where Cox is the gate capacitance of 270 nm thick SiO2, and L and W are 

defined as the channel length and channel width, respectively. The low mobility is most likely 

caused by the flake transfer process (and resultant residue). The weak gate modulation is 

attributable to the interficial traps between the WSe2 flakes and the dielectric layers. To examine 

the intrisic transport propeties of MBE-grown WSe2, better gate control combined with low contact 

resistance for the source and drain regions need to be included in the device optimization.        

 
Figure 6.1. (a) Optical microscope image for the top view of back-gate exfoliated WSe2 device, 

(b) IDS-VBG characteristics for the transfer curve of corresponding device, showing p-type 

conduction and ON-OFF current ratio over 103.    

 

 

To push forward the integration of MBE growth into traditional device fabrication process 

flows and eliminate the transfer process, the exploration of alternative substrates that are more 

device integratable is another potential breakthrough. The weak interactions between the epilayer 

and the substrate for van der Waals epitaxy again relaxes the stringent criteria for substrate 

selection, possibly enabling the crystalline growth of TMDs on amorphous substrates, like ALD-

grown oxides. Using the knowledge gained in the earlier chapters to enable larger grain WSe2, we 
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studied the integration of high-quality WSe2 grown by MBE on oxides for direct growth and 

integration for high-performance device fabrication. 

The work presented in this chapter was performed in close collaboration with different 

research groups including colleagues from Notre Dame University. My contribution included the 

MBE growth of WSe2, the fabrication and electrical measurements of back-gate transistors on 

exfoliated WSe2 films, and charaterization of RHEED, XRD, and Raman spectroscopy, Paolo 

Paletti (ND) fabricated, measured and analyzed the short-channel transistors, Leitao Liu (ND) 

fabricated, measured and analyzed the surround-channel transistors, Chris Smyth carried out the 

XPS measurements, Lee Walsh, Robert Wallace, Alan Seabaugh and Christopher Hinkle helped 

on the experimental design and data analysis. 

6.3 Experimental details 

MBE growth of WSe2 was performed in a VG Semicon V80H MBE system equipped with an 

effusion cell for selenium source and an e-beam evaporator for tungsten source. The base pressure 

in the growth chamber is ~3 × 10-10 mbar with the background pressure of ~1 × 10-9 mbar during 

growth. To limit the nucleation density of WSe2 on amorphous substrates, the W beam interruption 

strategy was adopted, where the Se shutter was kept open during the entire growth and the W 

shutter was operated with a cyclical pattern of open for 20 s and closed for 20 s. Prior to each 

growth, the substrates were annealed in vacuum at the growth temperature (550 ̊C) for one hour as 

surface preparation. The W and Se sources were outgassed for 2 hours to guarantee high-purity 

fluxes during growth. The W flux and Se flux employed in these experiments were 2 × 10-9 mbar 

and 1 × 10-6 mbar, respectively. The WSe2 growth rate was 0.5 nm/h and the growth time for each 

experiment was varied according to the desired thickness for device fabrication. 
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Different substrates were used here to study the growth conditions on the oxide layers: ALD-

HfO2 (10 nm) grown on SiO2 (270 nm) that was thermally grown on Si, ALD-Al2O3 (10 nm) grown 

on SiO2 (270 nm) that was thermally grown on Si, and SiO2 (270 nm) thermally grown on Si. The 

silicon (100) substrates were dipped into HF solution (10%) for one minute and the 270-nm thick 

SiO2 was thermally grown at 900 °C. After being cleaved into small pieces, some samples were 

separately placed into the ALD chamber for HfO2 and Al2O3 growth. The ALD growth temperature 

is 200 °C with precursors of trimethyl-aluminum (TMA) and H2O for Al2O3 deposition recipe and 

tetrakis(dimethylamido)-hafnium and H2O for HfO2 deposition recipe. The precursor pulse time is 

0.015 s and purge time is 8 s. The thickness of the ALD oxide layers was about 10 nm after 100 

cycles.   

The characterization methods conducted in the investigation of WSe2 growth on oxide layers 

include reflection high-energy electron diffraction (RHEED), transmission electron microscopy 

(TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM), Raman spectroscopy. Related equipment details were described in Chapter 2. 

The fabrication process flows and experimental details for traditional exfoliated-TMD transistors, 

surround-channel transistors, and short-channel transistors are described in the appendix.  

6.4 Results and discussion 

6.4.1 WSe2 growth on oxide layers 

 To enable MBE-grown WSe2 device integration, WSe2 growth on different integration-

friendly oxide layers (ALD-Al2O3, ALD-HfO2, thermally-grown SiO2) was attempted. Figure 6.2 

shows the RHEED patterns after WSe2 growth was finished on these substrates, where the images 

for growth on Al2O3 and SiO2 show diffuse, streaky patterns, in contrast with the fuzzy Debye 
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rings from WSe2 growth on HfO2. First of all, the appearance of an ordered crystalline RHEED 

pattern for MBE growth of WSe2 on an amorphous substrate is counter to the traditional 

understanding of epitaxial growth. The relaxed interactions between substrates and epi-grown 

films in van der Waals epitaxy allows for the cystalline growth of TMDs on even amorphous 

substrates. As discussed in Chapter 2 about different RHEED patterns, the Debye rings in Figure 

6.2a indicate the 3D polycrystalline nature of the growth on HfO2 with a relatively rough surface, 

while the streaky patterns in Figure 6.2b-c indicate a smooth WSe2 surface with preferred out-of-

plane orientations.      

 
Figure 6.2. RHEED patterns for WSe2 growth on different oxide substrates: (a) ALD-HfO2 (10 

nm)/thermally-grown SiO2 (270 nm)/Si, (b) thermally-grown SiO2 (270 nm)/Si and (c) ALD-Al2O3 

(10 nm)/ thermally-grown SiO2 (270 nm)/Si. The fuzzy Debye rings for WSe2 grown on HfO2 

suggest 3D polycrystalline films, while streaks for growth on SiO2 and Al2O3 indicate flat WSe2 

with preferred orientation.  

 

 

The out-of-plane XRD measurements confirm the results from RHEED. As shown in the XRD 

from theta-2theta mode of Figure 6.3a, WSe2 films grown on all oxide layers exhibit crystallization 

with a corresponding peak (002) at round 13°, consistent with the peak position from WSe2 grown 

on HOPG in Chapter 3. In addition, the peak from WSe2 grown on HfO2 has lower intensity with 

a broader FWHM, indicating fewer WSe2 layers in the film orientated parallel to the surface. 

Asymmetric measurements (2theta mode) with a fixed incident angle of 0.5° (Figure 6.3b) can 

detect crystalline planes that are tilted to the substrate surface. Due to the relatively uneven surface 

in non-single-crystal substrates, thin WSe2 layers in some regions are expected to be orientated 
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with a certain angle to the horizontal direction. The higher intensity asymmetric peak 

measurements from the growth on HfO2 in Figure 6.3b, combined with the lower intensity peak in 

the symmetric measurement shown in Figure 6.3a, again suggests that WSe2 layers on HfO2 have 

a more random orientation distribution. The weak peaks from WSe2/HfO2 presented (Figure 6.3b) 

at multiple positions such as 17°, 28°, 32°, and 34° are due to the crystallization of the underlying 

HfO2 films discussed more later.        

 
Figure 6.3. Out-of-plane XRD measurements of WSe2 grown on different oxide layers: (a) 

symmetric mode and (b) asymmetric mode. The relatively low intensity in the theta-2theta scan 

but high intensity in the 2theta scan for the WSe2/HfO2 film suggest more random orientation of 

the WSe2 layers compared to the growth on Al2O3 and SiO2. 

 

 

The results of polycrystalline WSe2 growth on amorphous substrates obtained from out-of-

plane XRD motivated us to use other techniques to characterize the orientation distribution of a 

certain crystalline plane. Figure 6.4 is the comparison of pole figure plots about the (002) WSe2 

peak for growth on different substrates. Compared to the highly preferred orientation of WSe2 

crystals on Bi2Se3 shown in Figure 6.4d, the growth on the oxide layers in Figure 6.4a-c all exhibit 

polycrystalline features, where signals from the tilted orientations with respect to the horizontal 

direction are present. The higher intensity in the pole figure indicates that more WSe2 (002) planes 

in the film are oriented in the corresponding direction. Among the different oxide layers, higher 
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intensities in the tilted directions (away from the center of the pole figure) for the growth on HfO2 

in Figure 6.4a indicates less preferred orientation distribution, consistent with the results of the 

earlier XRD measurements and the RHEED patterns.  

 
Figure 6.4. Comparison of WSe2 (002) peak pole figure for growth on different substrates: (a) HfO2, (b) 

SiO2, (c) Al2O3, and (d) MBE-grown Bi2Se3. The intensity of signals from different directions for the WSe2 

growth on HfO2 confirms the 3D polycrystalline of WSe2 on HfO2, in contrast with the WSe2 on Al2O3 or 

SiO2 layers that exhibit preferred directions. Highly orientated growth is observed on the Bi2Se3.  

 

     

XPS was used in this study to investigate the WSe2 growth quality on different oxide layers. 

The comparison in Figure 6.5 shows the W 4f and Se 3d core levels with normalized intensity. The 

main components for both spectra on all substrates are the W-Se state and the Se-W state, whereas 

the percentage of W-Ox increases slightly for the growth on the oxide layers with the highest W-

Ox intensity observed for the growth on HfO2. The best WSe2 growth quality is achieved on HOPG 

with almost no detectable oxidation and standard WSe2 stoichiometry. The degraded growth 

quality on the amorphous oxide substrates is due to the increased potential nucleation sites on the 
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rough surface where vertical growth and Se vacancy defects are promoted. Since WSe2 growth on 

HfO2 exhibits 3D polycrystalline morphology, more grain edges of the WSe2 layers are exposed 

to air which causes more oxidation.        

 
Figure 6.5. Comparison of XPS measurements (W 4f and Se 3d core levels) for WSe2 growth on 

different substrates. Higher oxidation state intensity and a less defined doublet in the Se spectra 

are observed for growth on the oxide substrates with HfO2 being of the worst quality. 

 

 

Raman spectroscopy was employed to reveal the characteristic vibrational modes of WSe2 

grown on oxide substrates as shown in the comparison in Figure 6.6. Raman specta from different 

samples all show two characteristic peaks at ~250 cm-1 (overlapping of in-plane E1
2g mode and 

out-of-plane A1g mode) and ~260 cm-1(second order resonant Raman mode), indicating the 

crystalline 2H WSe2 phase for the growth on the oxide layers. In addition, the Raman peak at 250 

cm-1 for the WSe2/HfO2 sample has the lowest intensity, which suggests less crystallization and 

inferior film quality for the growth on HfO2. This observation in Raman spectroscopy is consistent 

with the conclusion acquired from previous characterization data, pointing out that better WSe2 

growth can be achieved on amorphous Al2O3 compared to HfO2.   
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Figure 6.6. Raman spectroscopy of WSe2 grown on different oxide layers with characteristic peaks 

at 250 cm-1 and 260 cm-1. For the Raman peak of overlapping vibration modes (~250 cm-1), WSe2 

growth on Al2O3 layer has the highest peak intensity, indicating better crystalline growth compared 

with the growth on HfO2.   

The characterization results presented above demonstrate not only crystalline growth of WSe2 

on amorphous substrates, but also variations in crystalline quality and orientation distributions for 

WSe2 grown on the different oxide layers. To investigate the reason for these differences, 

asymmetric XRD measurements of the substrates were conducted. One thing to be noted here is 

that the substrates used for growth are annealed in vacuum at the growth temperature (550 °C) for 

one hour as surface preparation prior to each growth. Therefore, this surface treatment might cause 

a different starting surface for the WSe2 growth. As shown in Figure 6.7, the comparison of XRD 

plots for samples before and after the annealing treatment shows different results for ALD-HfO2, 

ALD-Al2O3, and thermally grown SiO2. For HfO2 films in Figure 6.7a, the additional peaks after 
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annealing are consistent with polycrystalline HfO2 formation, suggesting the crystallization of 

HfO2 with random orientation. These small 3D polycrystalline HfO2 grains force the epilayer 

growth of WSe2 to follow the same orientations, resulting in the inferior, polycrystalline growth. 

However, the lack of polycrystalline peaks for the Al2O3 and SiO2 layers before and after annealing 

in Figure 6.7b-c indicate the starting surfaces are still amorphous, enabling smooth growth of WSe2 

with preferred orientations.    

 
Figure 6.7. XRD investigation of the oxide substrates before and after one-hour annealing at the 

WSe2 growth temperature. The appearance of HfO2 polycrystalline peaks after annealing suggests 

that HfO2 crystalline grains with random orientation will force the WSe2 to grow with a similar 

morphology. This result is in contrast with the SiO2 and Al2O3 layers remaining amorphous.     
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6.4.2 Surround-channel transistors of WSe2 grown on ALD-oxide layers  

To achieve directly grown WSe2 transistors, WSe2 films were grown on top of ALD-oxide 

layers where the metal gate has already been buried at the bottom with the device structure shown 

in the Figure 6.8a. Information about the fabrication process can be found in the appendix. Figure 

6.8b shows the cross-section TEM image of a device after MBE growth of WSe2 films is finished 

and the actual dimension of each layer is consistent with the designed structure. The layered 

structure of WSe2 (~5.4 nm) is observed with slightly lower thickness for the WSe2 layer 

orientation almost perpendicular to the surface. The flat region in Figure 6.8c again confirms the 

layered growth of WSe2, suggesting the successful implementation of MBE growth of WSe2 into 

the Si platform.    

 
Figure 6.8. (a) The device structure designed for surround-channel MBE-grown WSe2 transistors. 

(b-c) Cross-section TEM images for different regions of the device after MBE growth of WSe2 

indicating the successful integration of MBE growth onto a Si platform fabrication process.  
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Figure 6.9a-b show the IDS-VGS curve for the measurements of the p-branch and the n-branch 

with different VDS, where the ON-current is limited to less than 200 pA/μm with weak gate 

modulation. The low turn-on current is attributed to three possible reasons: (1) high edge roughness 

after the RIE process, (2) high contact resistance for the source and drain, and/or (3) small grain 

size of the WSe2 (~20 nm grown atop the buried gate protrusion estimated from the TEM image). 

The weak gate control also suggests a high density of interface traps between the WSe2 and the 

ALD dielectric it was grown on. To effectively dope the WSe2 flakes for better carrier injection at 

the source and drain, electric double layer (EDL) gating was applied with the structure shown in 

the inset of Figure 6.9c. The Cs+ and ClO4
- ions from cesium perchlorate (CsClO4) are mobile at 

room temperature in the insulating polymer Polyethylene oxide (PEO). Under different applied 

biases, the ions will move accordingly, accumulate at different terminals, and are locked into place 

by cooling the devices. The transfer curve shown in Figure 6.9c confirms the improvement of 

device performance through EDL doping. Compared with the results before EDL doping, the 

current increases by ~6000x for the p-branch and ~30x for the n-branch.     

  
Figure 6.9. Transfer curves for the surround-channel MBE WSe2 transistors: (a-b) before EDL 

doping and, (c) after EDL doping. The low on-state current and weak gate modulation indicate 

that more device optimization is needed.   
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Another criteria of device performance to note here is the leakage current of the surround-

channel transistors. Two different thicknesses of WSe2 (7-hour growth for 3.5 nm and 10-hour 

growth for 5 nm) were attempted. Figure 6.10 presents the corresponding IG-VG curves with zero 

bias on the other contacts. Devices with either thickness of WSe2 exhibit gate currents of 150 

pA/μm for the 10-hour growth and 40 pA/μm for the 7-hour growth. The increase in the leakage 

current indicates that the longer duration of the MBE growth process, unsurprisingly, does more 

damage to the oxide layers.       

 
Figure 6.10. Leakage current for the surround-channel MBE WSe2 transistors with different WSe2 

growth times: (a) 10-hour growth with thickness of ~5nm, (b) 7-hour growth with thickness of 

~3.5 nm. The increase in the leakage current after the longer MBE growth time suggests damage 

of the oxide layers. 

 

 

6.4.3 Short-channel MBE-grown WSe2 transistors with EDL gating 

 

Another type of device investigated in this study is short-channel transistors with the 

schematic structure shown in Figure 6.11a. WSe2 films were grown on ALD-Al2O3 layers due to 

its better growth quality as demonstrated earlier. More details related to the fabrication process are 

described in the appendix. Cross-section TEM image of the device in Figure 6.11b presents the 

layered structure of WSe2 films on top of Al2O3. The top view of the finished device in Figure 

6.11c shows the short channel length (less than 2 μm) with the channel area defined using electron 
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beam lithography (EBL) and a XeF2 vapor-phase etch. For the EDL gating, PEO and CsClO4 were 

dissolved in anhydrous acetonitrile, drop-cast onto the wafer and annealed at 90° C for 2 hours to 

complete the device fabrication.  

 
Figure 6.11. (a) schematic device structure for short-channel MBE-grown WSe2 transistors. (b) 

Cross-section TEM image of device, indicating layered growth of WSe2 on Al2O3. (c) Top-view 

of finished WSe2 transistor with EDL gating.  

 

 

First, the I-V curve for the transistors with channel length of 2 μm (Figure 6.12a) shows 

ambipolar conduction with a low ON-OFF ratio of ~20. The low on-state current for both the n-

branch and the p-branch suggests poor carrier injection from the contacts. Similar results are 

observed as well when the channel length is reduced to ~40 nm in Figure 6.12b, although the 

source-drain current increases to the μA/μm level. The weak gate modulation from the back gate 

calls for an improvement in the electrostatics.      

After EDL gating was implemented in these short-channel transistors, a great improvement in 

the electrical performance was obtained. The transfer curves in Figure 6.13 are the ID-VSG 

characteristics for devices with channel length of 2 μm. The ambipolar conduction is maintained 

after the EDL gating and the ON-OFF ratio is improved to be over 104. The on-state currents 

exceed 1 μA/μm for both the hole and electron branches when the source-drain bias is set to 0.5 
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V. The average inverse subthreshold swing is 175 mV/dec over 3 decades of drain current for the 

p-branch, translating into a density of interface traps of about 1013 eV-1 cm-2.  

 
Figure 6.12. I-V curves for the short-channel MBE-grown WSe2 transistors without EDL gating: 

(a) channel length of 2 μm and width of 1 μm, (b) channel length of 40 nm and width of 0.3 μm. 

The weak gate control and low on-state current suggest a high density of interface traps and poor 

contact resistance.   

 

 

 
Figure 6.13. Transfer curves for the short-channel MBE-grown WSe2 transistors (channel length 

of 2 μm) with EDL gating: (a) back-gate voltage of 15 V, (b) back-gate voltage of 0 V and -15 V. 

Excellent results are obtained. 
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Similar improvement is also observed for short-channel transistors with channel length of ~ 

40 nm as shown in Figure 6.14 of transfer curves for ID-VSG under different back-gate voltages. 

The ON-OFF ratio is over 104
 for each setting of VDS and VBG. The VDS-independent current in 

the subthreshold regime of the hole branch in Figure 6.14c suggests the thermionic emission of 

carriers. The gradual shift of the threshold voltage from Figure 6.14a to Figure 6.14e, as a result 

of changing back-gate voltage, is important for the calculation of EDL capacitance.     

 
Figure 6.14. Transfer curves for the short-channel MBE-grown WSe2 transistors (channel length 

of 40 nm) with EDL gating: (a) back-gate voltage of -10 V, (b) back-gate voltage of -5 V, (c) back-

gate voltage of 0 V, (d) back-gate voltage of 5 V and (e) back-gate voltage of 10 V. 
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The field effect mobility (µFE) was then extracted from the transfer characteristics above 

threshold using µFE = 1/CEDL· δσ/δVSG where σ is the conductivity of the channel measured at VDS 

= -0.1 V. The EDL capacitance (CEDL ≈ 0.75 (0.45) μF/cm2 for electrons (holes)) was calculated 

using DC measurements by looking at the threshold voltage shift as a function of the back-gate 

voltage VBG.185 Figure 6.15 shows the extracted µFE of transistors (channel length of 2 μm) for 

both types of carriers as a function of the over-drive voltage, with an average value of 40 and 5 

cm2/V·s for holes and electrons, respectively (0.2 V < VOD < 0.6 V). This data is the best reported 

to date for MBE-grown TMD materials, orders of magnitude higher than other MBE reported 

TMD mobilities.186,187 This is also the best mobility reported for any synthesized films with growth 

temperatures below 600 °C. 

 
Figure 6.15. Extracted electron and hole field-effect mobilities for the short-channel WSe2 

transistors with EDL gating (channel length of 2 μm) showing the best mobilities to date for MBE 

grown TMDS or any synthesized films grown below 600 °C.    
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6.5 Conclusions  

 

In this chapter, to continue the path towards device integration of TMD materials, we 

investigated the growth of WSe2 on different device-integration-friendly oxides on a Si platform: 

SiO2/Si, HfO2/SiO2/Si and Al2O3/SiO2/Si. Surprisingly, the WSe2 growth on the amorphous ALD 

Al2O3 was of fairly high quality, exhibiting flat films with preferred orientations. The 

crystallization of HfO2 with random orientation during the pre-growth annealing step causes much 

worse growth quality of WSe2. Different structures and strategies have been attempted for the 

devices fabricated on MBE-grown WSe2. The issues of weak gate modulation and poor carrier 

injections at the contacts can be solved by EDL gating. The extracted field effect hole mobilities 

greater than 40 cm2/V∙s are measured which is orders of magnitude higher than other MBE 

reported TMD mobilities.     
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

Multiple aspects related to the research of TMD materials grown by molecular beam epitaxy 

(MBE) have been investigated in this work with the primary goal of understanding the intrinsic 

properties of these novel two-dimensional (2D) materials and exploring the promising applications 

in low-power electronic devices such as tunnel field effect transistors.  

After explicitly reviewing the research background (Chapter 1) and required fabrication and 

characterization techniques (Chapter 2), the study of the fundamental nucleation and growth 

behavior of WSe2 was investigated in Chapter 3. The detailed experimental design is combined 

with on-lattice, diffusion-based first principles kinetic modeling, which reveals the significant role 

of the adatom stage in the described three-stage adsorption-diffusion-attachment mechanism. The 

intrisic properties of WSe2 materials were presented by a series of characterization methods, 

demonstrating the unique features of van der Waals epitaxy. To limit the nucleation density and 

promote 2D layered growth, it is necessary to have a low metal flux in conjunction with an elevated 

substrate temperature. Meanwhile, providing a Se-rich environment further limits the formation of 

W-rich nuclei which suppresses vertical growth and promotes 2D growth. Over one order of 

magnitude improvement in the grain size of MBE-grown WSe2 has been achieved using the 

knowledge learned from the fundamental mechanism study, providing valuable insight into 

improving the growth of other TMD compounds by MBE and other growth techniques.  
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We presented the work on HfSe2 thin films in Chapter 4. The concept of van der Waals epitaxy 

was demonstrated by the growth of HfSe2 thin films using MBE. The relaxed growth criteria have 

allowed us to achieve layered, crystalline growth without misfit dislocations on other 2D substrates 

such as highly ordered pyrolytic graphite (HOPG) and MoS2. The HfSe2 thin films exhibit an 

atomically sharp interface with the substrates used, followed by flat, 2D layers with octahedral 

(1T) coordination. The resulting HfSe2 is slightly n-type with an indirect band-gap of ~1.1 eV and 

a measured energy band alignment significantly different from DFT calculations. The RHEED 

progression during HfSe2 growth also reveals the change of growth mode as the growth proceeds 

and suggests the need for careful control of the metal flux for layered growth. 

The idea of engineering a wide range of bandgaps through the precise control of composition 

in WTexSe2-x alloys was investigated in Chapter 5. We demonstrated the first-ever MBE growth 

of WTe2 thin films on different substrates to prepare for the later alloy study. The use of a W beam 

interruption technique enables high-quality, stoichiometric WTe2. In-situ RHEED patterns and ex-

situ Raman spectra indicate that the grown WTe2 is in the expected distorted octahedral (1T’) 

structure, confirmed by high-resolution TEM images. XPS confirms that the WTe2 films are 

stoichiometric and, along with STS, confirm the expected semi-metallic nature. Later, MBE 

growth of WTexSe2-x alloys with varied Te concentration were grown as confirmed by RHEED, 

Raman, and XPS measurements. Analysis of XPS spectra confirms the gradual change of chemical 

bonding and band alignment in the alloys and the transition between the 2H and the 1T’ phases of 

the WTexSe2-x alloys was observed. The surface oxidation of TMD materials was also investigated 

through techniques including XPS, EELS, and EDS to confirm the higher air-sensitivity of HfSe2 

compared to the extensively studied MoS2 and WSe2. 
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In Chapter 6, we applied the understanding of high-quality WSe2 growth to integrate WSe2 

onto device friendly substrates. Crystalline growth with variations in growth quality on the 

amorphous oxide layers were presented. The crystallization of amorphous HfO2 during the 

substrate annealing prior to growth explains the inferior WSe2 growth on HfO2. Furthermore, 

different FET structures were fabricated on the WSe2 thin films grown on ALD-Al2O3 with back-

end-of-line (BEOL) compatible fabrication temperatures (< 550 °C). Using electric double layer 

(EDL) gating, short-channel devices exhibiting ambipolar behavior with drain currents exceeding 

1 μA/μm and ON-OFF ratios greater than 104 were shown. Field effect hole mobilities greater than 

40 cm2/V∙s were measured which is orders of magnitude higher than other MBE reported TMD 

mobilities.  

7.2 Future work 

The results of the WTexSe2-x alloys presented in Chapter 5 only cover limited aspects of the 

intrinsic properties of the alloys. In the future, more growth and characterization including AFM 

TEM, XRD, STM, and STS should be applied in the alloy research. It is of great value to build a 

more precise relationship between the phase transition and Te incorporation in the alloys.  

Photoluminescence measurements will be useful to investigate the bandgap transition of the alloys 

through the adjustment of the Te content, providing a valuable reference for the future applications. 

Promising results might also be achieved in WTexSe2-x-based FET devices through the 

optimization of the alloy stoichiometry and the device fabrication process flows.   

The work presented in Chapter 6 about the short-channel MBE-grown WSe2 transistors was 

performed on WSe2 grown on ALD-Al2O3. As shown in the nucleation and growth behavior study 

(Chapter 3), limiting the nucleation density is the key route for increasing the grain size of WSe2. 
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Future work should attempt a more aggressive beam-interrupted WSe2 growth on ALD-Al2O3 with 

different W beam shutter closed/open duration ratios. It is expected that a higher ratio of shutter 

closed/open duration will slow down the growth rate and increase the grain size of WSe2. Better 

device performance with higher hole mobility than our record of 40 cm2/V∙s should be achieved 

for the MBE-grown WSe2 thin films with extremely slow growth rate. In addition, the quantitative 

correlations between the grain size of the WSe2 and the field effect mobilities measured from the 

corresponding devices will also provide better understanding of the impact of grain boundaries on 

the carrier mobility.  

It is introduced in Chapter 1 and later confirmed in Chapter 3 and 4 that different TMD 

materials possess distinct band alignment. Based on the fundamental study of growth mechanism 

of TMDs, it would be interesting to attempt the stacking of two different MBE-grown TMDs for 

the staggered- or broken-gap heterostructure. Furthermore, our MBE system is equipped with a 

ZnCl2 source and Fe source. Doping these TMD films during MBE growth might also lead to 

interesting results, extending our understanding about the electronic and magnetic properties of 

TMDs. 
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APPENDIX A  

MBE GROWH PROCESS FLOW 

 

The standard MBE growth process for the experiments carried out in this dissertation can be 

summarized as follows: 

1. sample preparation 

• For the silicon (100) substrates, wafers are first cleaned by standard RCA process in 

cleanroom at UTD. The silicon wafers are then cleaved into desired size. Finally, the 

samples are dipped into 10% HF solution for one minute to remove the native oxide 

layer and passivate the surface with hydrogen.  

• For purchased 2D materials, such as highly ordered pyrolytic graphite (HOPG) and 

MoS2, samples are freshly exfoliated using scotch tape just prior to being loaded into 

vacuum chamber. 

• For sapphire wafers, substrates are consecutively cleaned in acetone, methanol, 

isopropanol, and deionized (DI) water for 10 minutes each in an ultrasonic 

environment.   

2. Sample loading 

• After sample preparation is finished, samples are placed on molybdenum plates and 

fixed by screws or PBN rings.  

• The samples are then loaded into the UHV system by placing it in a specially designed 

cassette holder for 3-inch wafers or molybdenum plates.  
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• Once the FEL is isolated from preparation chamber, turn off the ion gauge in FEL and 

close the valve between turbopump and FEL. Use the roughing pump and sorption 

pump sequentially to pump down the pressure of manifold and then isolate the manifold 

from the sorption pump.  

• Open the valve between manifold and FEL. Open the N2 knob slowly to fill the 

manifold with try nitrogen gas and FEL until the pressure reaches atmospheric pressure. 

•  Load the cassette holder into the FEL. 

• Close the gate of FEL and turn off the nitrogen gas flow. Start to pump down the 

pressure of the FEL by the roughing pump. Switch to the sorption pumps when the FEL 

pressure reaches about 70 mbar. Once the pressure reaches below 10 mbar, close the 

valve between the manifold and the FEL and open the valve between the turbopump 

and the FEL.  

• It takes about three hours for the pressure of FEL to recover to an acceptable loading 

pressure of 1 × 10-7 mbar. Lower the elevator of FEL down so that the sample plate is 

at the similar height of the trolley in the preparation chamber. Use the wobble stick to 

carefully bring it onto the trolley. Raise the elevator to isolate the preparation chamber 

from FEL once again. 

• Use the trolley to move the sample plate into the deposition chamber and load the plate 

onto the sample holder. Make sure the plate sits evenly in the holder. Close the sample 

holder door with the locking mechanism. 
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3. Pre-growth 

• RHEED pattern: Move the sample manipulator to the K-position. Turn on the RHEED 

power supply switch on the electronics rack. Slowly turn up the filament current to 2.2 

A. Turn up high voltage until just before the current limit warning light comes on. 

Open the shutter to the RHEED viewport and adjust the RHEED beam spot position 

and focus until desired RHEED pattern appears. Using the CCD camera and computer 

software to record RHEED images. 

• Sample annealing: samples are usually annealing at the same or higher growth 

temperature to remove the atmospheric carbonate contamination. For H-passivated Si 

(100) substrates, the standard high temperature anneal above ~950 °C is conducted to 

desorb the atomic hydrogen from the surface.  

• Source outgas: to maximize the purity of the elemental source flux during MBE 

growth, sources are outgassed for at least an hour at the growth parameters prior to 

growth. 

4. Growth procedure 

• Use the liquid nitrogen controller to fill the shroud in the MBE chamber with the liquid 

nitrogen prior to growth.  

• Wait until the desired growth parameters are stable for 15 min. Start the growth with 

the planned recipe.    

• Check the RHEED pattern periodically to monitor the growth.  

• When the growth is finished, close the source shutters, turn off the substrate heater and 

source power supplies. 
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• Let samples cool down to room temperature and transfer the sample from the 

deposition chamber to preparation chamber. 

• Turn off the liquid nitrogen controller.  
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APPENDIX B  

DETAILED WSE2 GROWTH PARAMETERS  

 

The detailed experimental parameter settings for WSe2 nucleation and growth study were 

listed as below: 

Table B.1. Parameter settings for WSe2 nucleation and growth study 

Nucleation and growth experiments Parameter settings 

Nucleation density study of growth time:  

Figure 4.7a-d 

W flux: 5 × 10-9 mbar 

Se flux: 7 × 10-7 mbar 

Tsub: 500 °C 

Nucleation density study as a function of substrate 

temperature: Figure 4.8a-e 

W flux: 5 × 10-9 mbar 

Nucleation density study as a function of W flux:  

Figure 4.10a-c 

Se flux: 7 × 10-7 mbar 

Tsub: 450 °C 

Growth time: 1.5 h 

Grain morphology study: 

Figure 4.11a 

Se flux: 5 × 10-9 mbar 

Growth time: 5.5 h 

Grain morphology study:  

Figure 4.11b 

Se flux: 8 × 10-7 mbar 

Growth time:1.5 h 

Grain morphology study as a function of substrate 

temperature: Figure 4.8c 

Se flux: 8 × 10-7 mbar 

Growth time: 2.5 h 

Se flux study on growth mode: 

Figure 4.14a,c 

W flux: 5 × 10-9 mbar 

Tsub: 500 °C 

Growth time: 3 h 

Se flux study on nucleation density:  

Figure 4.14g-i  

W flux: 5 × 10-9 mbar 

Tsub: 500 °C 

Growth time: 3 h 

WSe2 (4 layers) in Figure 4.15b W flux: 5 × 10-9 mbar 

Se flux: 1 × 10-6 mbar 

Tsub: 500 °C 

Growth time: 7 h 

WSe2 (8 layers) in Figure 4.16a W flux: 7 × 10-9 mbar 

Se flux: 1 × 10-6 mbar 

Tsub: 525 °C 

Growth time: 6 h 
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APPENDIX C  

STICKING COEFFICIENT CALCULATION 

 
The estimated sticking coefficients of W and Se atoms during MBE growth can be estimated 

through the equation: 

 𝛷 = 𝐹(𝑙𝑎𝑦𝑒𝑟𝑠 ∙ ℎ𝑜𝑢𝑟−1) ∙ 𝑆𝑐 ∙ 𝑡(ℎ𝑜𝑢𝑟)      (3),  

Where Φ is the surface coverage, F is the precursor flux rate, Sc is sticking coefficient, and t is the 

growth time. From the AFM images of Figure 3.8a and 3.8b, the WSe2 film coverage at substrate 

temperatures of 450 °C and 500 °C is 29% and 6%, respectively. The W flux rate is about 2.2 

layers/hour during the 1.5 h growth. The Se flux rate is about 275 layers/hour at the flux pressure 

of 7 × 10-7 mbar. Inputting this data into Equation (3) gives the sticking coefficients  and this 

methodology was used for the values reported in section 3.4.6. One thing to be noted here is the 

dependence of Se sticking coefficient on the W flux since Se atoms do not form stable nuclei by 

themselves, even at the lowest growth temperature (350 °C). 
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APPENDIX D  

EXFOLIATED-TMD FET DEVICE FABRICATION PROCESS FLOW 

 
In addition to the intensive study of the MBE growth mechanism of TMD materials, TMD-

based FETs were also attempted in this dissertation research. The process flow for the most used 

fabrication strategy at UTD is shown in the Figure D.1. The abstract of the process flow is 

summarized and followed by the detailed steps in the lithography process: 

1. 270 nm thick SiO2 was thermally grown on highly doped p-type Si wafers. 

2. Few-layer TMD flakes were mechanically exfoliated by scotch tape or PDMS and 

transferred onto the SiO2/Si substrate. TMD sources from both commercial vendors (MoS2, WSe2) 

and MBE-grown WSe2 on HOPG have been investigated in this process flow. Samples were 

examined under an optical microscope to check the position of the TMD flakes.  

3. First, photolithography was applied to define the source and drain region. Then, the e-beam 

evaporation of the contact metal (such as Ti, Pd, Ni and Au) with a certain thickness (100-150 nm) 

was conducted after the development process of lithography. Finally, the lift-off process using 

acetone was utilized to remove the remaining photoresist. 

4. Surface functionalization of TMD surface (UV-Ozone treatment for MoS2) was utilized 

prior to high-k layer deposition. 

5.  Atomic layer deposition of a uniform dielectric layer with thickness of around 8nm on 

sample surface was utilized for gate control.  

6. The final step of the device fabrication was the patterning and deposition of top metal gate.  
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Figure D.1. Schematic illustration for the process flow for the fabrication of TMD-based FET 

devices. 

 

 

Lithography 

Preparation  

• Clean all equipment (sample holders, tweezers, etc.) with acetone to avoid wafer 

contamination. 

• Preheat the oven/hot plate to a required initial temperature (about 65° C).  

• Dehydrate the sample for 1 minute on the hot plate or in the oven.  

Photoresist coat 

• Mount the sample on the spinner and apply suction via a vacuum pump.  
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• Determine the required spin speed and time to achieve the required film thickness (1.5 um) 

from the process parameters table.  

• Set the spinner to spin at the proper speed with acceleration equal to the speed/second. 

• Apply photoresist to the sample all at once. Multiple drops may trap air bubbles, which can 

decrease feature quality.   

• Clean the spinner when done.  

Soft bake 

• Determine the soft bake time temperature from the process curves or parameters tables  

• Bake the sample and let it cool down for about 4 minutes.  

Expose 

• Turn ON the UV source and let it warm up for 5 to 10 minutes. 

Clean Mask 

• Place the mask in the mask-cleaning holder.  

• Apply acetone to the chrome surface. Do not allow the mask to dry with acetone on it. 

• Scrub the chrome surface with a swab. d. Rinse the mask with IPA and dry it. 

Expose sample 

• Determine the exposure dose from the swing curve for the photoresist (or from the process 

parameters tables).  

• Measure the light intensity of the UV source (~15 mW/second).  

• Calculate the exposure time (exposure dose / measured intensity).  

• Place the sample on the mask aligner and apply suction through a vacuum.  

• Place the mask on top of the sample and align it in the desired direction using the assistance 
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of a microscope.  

• Slide the mask aligner setup to the UV source for exposure.  

• Set the exposure timer and press expose.  

• Take out the sample and move it to post exposure baking.  

Post Exposure Bake 

• Set the bake time and temperature according to the curves or process parameters tables  

• Place the sample on the hot plate and start timing.  

• When the time is up, remove the sample and let it cool down. 

Develop 

• Get enough developer solution for the sample.  

• Determine the required development time from the curves or process parameters table and 

then set the wet bench timer.  

• Start the timer when the sample is placed in the developer bath.  

• Rinse the sample with DI water after the develop process is finished and dry with nitrogen 

gas.  



 

148 

APPENDIX E  

SURROUND-CHANNEL MBE-GROWN WSE2 TRANSISTOR FABRICATION 

PROCESS FLOW 

 

The details of the process flow for the surround-channel MBE-grown WSe2 transistor 

fabrication are described as follows and are followed by the image illustration in Figure E.1: 

1. Dry thermal oxidation: grow 120 nm SiO2 on both sides of Si wafer 

2. Deposit gate wire 15/3 nm Pd/Ti 

3. Deposit gate pads 150/5 nm Pd/Ti 

4. ALD deposition of 5/2 nm HfO2/Al2O3 bilayer 

5. MBE growth of WSe2 

6. RIE etch of WSe2 to define the channel region  

7. Deposit source/drain and side gates 150/1 nm Pd/Ti 

8. Dissolve PEO and CsClO4 in anhydrous acetonitrile, drop-cast onto the wafer and anneal 

at 90 °C for 2 hours to conclude the device fabrication. 
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Figure E.1. Schematic illustration of the process flow for the surround-channel MBE-grown WSe2 

transistor fabrication. For each step, left image shows the side view and the right one shows the 

top view.  
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APPENDIX F  

SHORT-CHANNEL MBE-GROWN WSE2 TRANSISTOR FABRICATION PROCESS 

FLOW 

 

Detailed experimental settings related to the process flow of short-channel MBE-grown WSe2 

transistor fabrication are described as follows and followed by the image illustration in Figure F.1: 

1. As shown in Figure F.1, n-type Si substrate (3-14 Ohm∙cm resistivity) is selected and a 

dielectric layer of SiO2 (10 nm) was thermally grown at 900 °C. Then an ALD-Al2O3 

with thickness of 30 nm was deposited on top of SiO2 layer. The growth temperature 

during the ALD process is 200 °C with the cyclic precursor pattern: H2O pulse time of 

0.015 s, purge time of 8 s, TMA pulse time of 0.015 s and purge time of 8 s. MBE growth 

of WSe2 was conducted on ALD-Al2O3 with the parameters: growth temperature of 550 

C, W flux pressure of 2 × 10-9 mbar (interrupted beam of 20 s open and 20 s closed), Se 

flux of 1 × 10-6 mbar, and a growth time of 10 hours. 

2. The alignment mark was patterned via electron beam lithography (EBL), followed by the 

metal deposition (Ti/Au: 20/100 nm) and lift-off process. Using EBL and vapor-phase 

XeF2, the samples fully covered with WSe2 were etched to define the channel regions as 

shown in Figure F.1b. (XeF2 vapor phase pressure: 3 Torr, etch time: 45 seconds) 

3. In Figure F.1c, the source region was finished by patterning via EBL, metal deposition, 

and the lift-off process. (Ti/Pd/Au: 1/20/30 nm) 

4. In Figure F.1d, the drain region was finished by patterning via EBL, metal deposition, 

and the lift-off process. (Ti/Pd/Au: 1/20/30 nm) 
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5. The step for depositing the gate metal pads (not shown in Figure F.1), is very similar to 

the steps for source or drain deposition. (Ti/Au: 20/150 nm)  

6. Drop cast 1 wt% (PEO)76: CsClO4 in acetonitrile, and anneal at 90° C for 2 hours in Ar 

glovebox. 

 

 
Figure F.1. (a-d) Schematic illustration (side view) of process flow for short-channel MBE-grown 

WSe2 transistor fabrication. (e-f) top view of finished short-channel transistor device at different 

magnifications.    
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APPENDIX G  

WTEXSE2-X ALLOYS GROWTH PARAMETERS 

 
Due to the high Se flux used in the WSe2 MBE growth study, the chamber walls were coated 

with Se flakes. Thermal radiation from high temperature sources such as the W e-beam evaporator 

and the Te thermal cracker is high enough to heat up the surrounding regions of chamber wall, 

leading to the unintentional doping of Se during WTexSe2-x growth. The detailed experimental 

parameters are listed below: 

Table G.1. Parameter settings for WTexSe2-x alloys growth 
Parameters 

Alloys 

Substrate 

temperature(°C) 

W flux 

(mbar) 

Se source 

temperature 

(base/tip) (°C) 

Te source 

base/valve/cracker 

temperature (°C) 

Growth 

time (h) 

WSe2 550 2E-9 210 /240 No 2 

WTe0.086Se1.914 330 2E-9 145 /210 400 /500 /750 6 

WTe0.13Se1.87 330 2E-9 130 /190 400 /500 /900 6 

WTe0.52Se1.48 330 2E-9 120 /165 400 /500 /900 6 

WTe0.69Se1.31 330 2E-9 No 400 /500 /500 6 

WTe1.25Se0.75 330 2E-9 No 400 /500 /750 6 

WTe2 330 2E-9 No 338 (no cracker) 6 
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