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ABSTRACT 

Two-dimensional (2D) transition metal dichalcogenides (TMDs), because of their sizable direct 

band gap, ultrathin body, good electron mobility, and versatile electronic structures, have attracted 

a lot of attention. They have shown their potential in future electronic, optoelectronic, photovoltaic, 

phase change, and photocatalytic devices. To examine their applicability to these devices, 

understanding their fundamental electronic structure and structural stability is a prerequisite. A 

systematic study of the electronic structure of monolayer transition metal dichalcogenides (TMDs) 

is performed by the density functional theory (DFT) method. Their band alignments are 

summarized and several representative bilayer heterostructures of two types of monolayer TMDs 

are investigated to understand the band realignment in the process of stacking. A formula is 

developed to predict the band realignment in the TMD bilayer heterostructure. Different to 

graphene, there exist several polymorphs of the same TMDs (e.g., 2H-MoTe2 and 1T-MoTe2). The 

total energies of various phases of TMDs are compared to determine the most energetically 

favorable phase. The electronic structure of TMDs, depending on the phase, can vary from metallic 

to semiconducting. This characteristic correlation between atomic and electronic structures opens 

up the possibility of controlling the electrical property by phase engineering, external field or 
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charging. The charge-driven phase transition in monolayer WxMo1-xTe2 alloy has been 

investigated. Critical charge concentration and composition to induce phase transition is 

investigated. Doping, as an important technique of modulating the electronic properties of 

semiconductors, has been also investigated by DFT in monolayer MoS2. Substitutional doping of 

halogen group elements and nitrogen group elements is found to introduce n-type and p-type 

doping, respectively. The reduced dielectric screening will affect the exciton binding energy in 2D 

TMDs which will further change the impurity levels. NO2 adsorption-doping at the surface of 

monolayer WSe2 is also investigated showing p-type doping characteristic on WSe2. These 

findings have enabled the utilization of two-dimensional TMDs in the realization of future 

electronic devices. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Two-dimensional (2D) materials have attracted  a broad interest since the first isolation of 

graphene on an insulating surface in 2004.1 The discovery of graphene gave birth to a new era of 

active research on exciting new physics and extensive applications of 2D materials. The linear 

electronic dispersion at the K points in graphene gives rise to novel phenomena, such as the 

anomalous room-temperature quantum Hall effect. Moreover, graphene is a good electronic and 

thermal conductor, and graphene-based materials have been proposed for a host of applications, 

ranging from high-speed electronic and optical devices, to energy generation and storage, from 

hybrid materials and chemical sensors to even DNA sequencing etc. The appearance of graphene 

has inspired worldwide efforts into the research of other two dimensional materials including 

phosphorene, hBN, silicene, stanene, and transition metal dichalcogenides (TMDs). Among those 

new two-dimensional materials candidates, transition metal dichalcogenides (TMDs) have 

received much attention recently because of their unique properties, such as sizable band gap 

which ensures a high on/off ratio in field effect transistors (FETs).2 The direct band gap also makes 

monolayer TMDs good candidates for optoelectronic devices. TMDs are a class of materials with 

formula MX2, where M is a transition metal (group IV to group VI) and X is a chalcogen (S, Se or 

Te). The structure of one of the best-studied TMD materials, MoS2, was determined back in 1923.3 

It was mainly used as a dry lubricant because of its layered structures similar to graphite. The 

atomically thin layers are held together by weak interactions in the Van der Waals interactions but 

within the layer, strong covalent bonds are formed between metal (M) and chalcogen (X) atoms 
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forming X-M-X sandwich structure for each layer of MX2. Depending on the stacking sequence 

of the MX2 layers and their metal coordination, there are several polymorphs in TMDs, including 

1T, 2H, and 3R.4 Since different phases have different electrical properties, a metal-semiconductor 

transition can be induced by phase engineering which can be used to reduce contact resistance, in 

information-storage device and steep-slope device fabrications. 

Because of the weak Van der Waals interaction between the layers, TMDs can be easily exfoliated 

into few layers or even monolayers. There is a transition from indirect to direct band gap in many 

semiconducting TMDs when the thickness is reduced from bulk to monolayer. For example, a 1.3 

eV indirect band gap in the bulk MoS2 changes to a 1.8eV direct band gap in monolayer MoS2.
5 

The direct band gap can greatly improve the efficiency of the radiative recombination of electrons 

and holes which can increase the quantum efficiency of photoluminescence from excitons.6,7 Due 

to their sensitivity to the photons, two-dimensional TMDs are promising candidates for future 

optoelectronic devices including light emitting diodes (LEDs),8 photodetectors,9 and 

phototransistors.10 Moreover, the sizable direct band gaps around 1-2 eV (visible light range) make 

two-dimensional TMDs attractive light-absorbing materials in thin-film solar cells.11 The ultrathin 

body of TMDs may even enable the fabrication of transparent and flexible devices in the future. 

Apart from optoelectronic devices, TMDs can also be used in field-effect transistors (FETs). 

Compared to semi-metallic graphene, an appropriate direct band gap in semiconducting TMDs 

ensures a large on/off ratio in FETs and reduces the standby power consumption by lowering the 

leakage current in the off state. Furthermore, because of the atomically small thickness of TMDs, 

short-channel effects can be inhibited and the surface free of dangling bonds renders the two-

dimensional TMDs stable against reactions with environmental species. 
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Another advantage of TMDs is that there are a number of TMDs consisting of different 

compositions of M and X. By selectively choosing its composition, a desired electronic structure 

can be obtained which is beneficial for the electronic, optical and photocatalytic development since 

they have different requirements on the electronic structures. Despite of various electronic 

structures of monolayer TMDs, sometimes monolayer TMDs cannot provide the desired electronic 

structure. One possible solution is to use monolayer TMDs as building blocks to design 

heterostructure. By utilizing different monolayer TMDs, many kinds of heterostructures can be 

obtained and correspondingly more electronic structures can be acquired. The possibility of 

building various heterostructures indicates a promising future for the electrochemical and 

electronic device applications of TMDs. Although a promising future of TMDs devices has been 

illustrated to realize such practical applications, a fundamental understanding of the structural and 

electronic properties of TMDs is required. In this dissertation, by density functional theory (DFT) 

method, we have investigated the band alignment of various monolayer TMDs and their bilayer 

heterostructure. The possibility of the charge mediated phase transition is also investigated in the 

pristine monolayer TMDs and their alloys which can be used in the phase-change electronic 

devices. Doping, as a primary technique to tune the electrical properties of TMDs, is also studied 

to understand its effect on the electronic structure of TMDs. These findings from DFT electronic 

structure study can provide fundamental understanding for 2D electronic device applications and 

facilitate the research and development of 2D materials. 
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CHAPTER 2 

ELECTRONIC STRUCTURE AND BAND ALIGNMENT OF MONOLAYER 

TRANSITION METAL DICHALCOGENIDES IN VAN DER WAALS 

HETEROSTRUCTURES 

 

 

Some parts of this chapter have been previously published as: Zhang, C.; Gong, C.; Nie Y.; Min, 

K.; Liang, C.; Oh, Y.; Zhang, H.; Wang, W.; Hong S.; Colombo, L.; Wallace, R. M.; Cho, K. 

Systematic Study of Electronic Structure and Band Alignment of Monolayer Transition Metal 

Dichalcogenides in Van der Waals Heterostructures. 2D Mater. 2016 4 (1), 15026. Reprinted with 

permission from American Chemical Society. © 2016 IOP Publishing Ltd. 

2.1 Introduction 

Considering the large population of metal dichalcogenides, systematic studies of the structural and 

electronic properties of the TMD family in 2D form are necessary as the prerequisite of exploiting 

TMDs-based devices. In the 1980s, Grasso et al. have reviewed the electronic properties of a series 

of bulk layered materials based on an augmented plane wave (APW) method.12 Recently, 

substantial efforts have also been devoted to understanding the basic electronic properties of 

monolayer TMDs including electronic band gaps,13–15 work functions, and electron/hole effective 

masses.16–18 which are required for diverse device applications. In addition, many state of the art 

simulation methods have been applied on monolayer TMDs to investigate their detailed band 

structures.13,14,19–24 To understand the band structure of monolayer TMDs, spin-orbit coupling 

(SOC) effect is nonnegligible because of the lack of inversion symmetry in monolayer TMDs.25–

27 Z. Y. Zhu et al. showed that the spin-orbit interaction induces a splitting of ~0.15 eV at the 
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topmost valence band in monolayer H-MoS2. The SOC splitting is even larger for monolayer 

TMDs with heavy transition metal elements because the SOC strength increases rapidly with the 

increasing atomic numbers of constituent elements.28 Although the primary characteristics can be 

well described by DFT simulation with generalized gradient approximation of Perdew-Burke-

Ernzerhof functionals (GGA-PBE), due to the existence of large exciton binding energy, there is 

a ~1 eV difference between optical band gap and Quasi-particle (QP) band gap. To accurately 

capture the features of band structure, many-body perturbation GW theory was used to investigate 

both monolayer and bilayer TMDs and the band gaps showed a good agreement with experimental 

results.20,29–37 

More recently, apart from the monolayer TMDs-based devices, 2D vertical heterostructure (van 

der Waals stack of diverse 2D crystals) devices have gained rapid growth of interest and been 

applied to the study of p-n junction,38 photoluminescence,39–41 photovoltaic devices,42–44 

photodetectors,45 light emitting diode (LED).46 Because of weak van der Waals interaction 

between TMDs layers and their atomic stacking without requiring commensurability (i.e. 

compatible stacking of TMDs with different lattice constants), it is easy to reassemble them into 

large varieties of heterostructures. Due to the availability of versatile electrical properties of 

monolayer TMDs spanning from semiconductor to metal and superconductor, a broad range of 

material parameter space is opened up to design and one can obtain desired TMD heterostack 

properties for next-generation electronic devices.46,47 Nevertheless, applications of 2D crystals in 

heterostructure devices are intrinsically determined by the fundamental structural and electronic 

properties of constituent 2D materials, especially by their band alignment when the 2D van der 

Waals heterostack is formed. Recent modeling papers have provided a useful database of universal 
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band alignment of 2D transition metal oxides and chalcogenides with respect to the 

vacuum.15,28,30,34 This database provides an insightful guidance for experimentalists to optimize 

the electrical contacts,48,49 and design heterogeneous junctions with dissimilar materials.50–52 

However, when the two 2D materials are stacked, the band alignment is not simply a superposition 

of bands of two components. Some additional effects, such as interfacial charge polarization and 

redistribution, occur to band alignments which cannot be well described by Mott-Schottky rule53 

or Anderson’s rule54 in conventional semiconducting heterostructures. 

Moreover, it is extremely expensive and time-consuming to experimentally test the electrical 

properties of a great number of 2D heterostacks to explore the desired band alignments. Therefore, 

to further understand such stacking effects at the Van der Waals heterostructure interfaces, a 

systematic investigation on the band alignments of the TMDs heterostacks is in demand. 

In this chapter, we firstly use density functional theory (DFT) calculations to examine the relative 

phase stability in the trigonal prismatic structure (noted as H), the octahedral structure (noted as 

T) and the distorted octahedral structure (T׳) in 24 types of 2D TMDs which are the combinations 

of group IV-VI transition metals and chalcogen species (S, Se, and Te). After finding out the most 

stable phases of those TMDs, their band structures with spin-orbit coupling (SOC) are calculated 

and the band alignments of monolayer TMDs are summarized with respect to the vacuum. To more 

accurately describe the band alignment, G0W0 method is also applied to some semiconducting 

TMDs. After establishing the reference band alignment information, we use the DFT method to 

study the band alignments in the heterostacks of two monolayer TMDs with similar lattice 

constants which can be classified into three categories: (1) semiconductor-metal stack, (2) 

semiconductor-semiconductor stack and (3) semiconductor-semimetal stack. Finally, by analyzing 
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the band alignments of these heterostacks, we developed a formula to predict the band alignments 

of stacked TMDs from those of constituent TMDs using charge equilibration method (CEM). 

 

2.2 Methodology 

The calculations are performed by Vienna ab initio simulation package (VASP).55 The projector-

augmented wave (PAW)56 pseudopotentials are adopted, and both local density approximation 

(LDA)57 and generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)58 

functionals are used to describe the exchange-correlation potential. We optimized structures of 

monolayer transition metals (group IV: Ti, Zr and Hf; group V: V, Nb, and Ta; and group VI: Mo 

and W) dichalcogenides (S, Se, and Te) using both GGA-PBE and LDA. For convenience, we 

define “n-TMD” to represent different types of single layer TMDs in which n is the transition 

metal group number. A vacuum thickness of ~16 Å is set for monolayer TMDs to avoid periodic 

image interactions during atomic relaxation. With a cutoff energy of 400 eV, the ionic relaxation 

stops with the residual force on each atom is less than 0.01 eV/Å and the electronic optimization 

stops when total energy difference is smaller than 10-4 eV. The Monkhorst-Pack k-point sampling 

in Brillouin zone (BZ) is Γ-centered with 8×8×1 and 40×40×1 meshes in ionic and electronic 

optimization, respectively. We summarize the thermodynamic stability of various TMDs (the T 

structure, the H structure and in some instance distorted T structure noted as T׳ structure) by 

comparing their total energy with reference to that of the T phase. 

Considering van der Waals interactions in TMD bilayer heterostructures, we include the Grimme DFT-D3 

correction with GGA-PBE functional for atomic relaxation.59 Energetically more stable hexagonal AB 

stacking model is used for bilayer TMDs heterostructures.60  
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To understand detailed electronic structures of monolayer TMDs, band structure calculations with 

and without SOC are performed along high symmetry points in Brillouin zone (BZ) with GGA-

PBE. Electrical properties (metal or semiconductor) and gap sizes of semiconductors are 

summarized and analyzed. 

With respect to the common vacuum level, the universal band alignments of all the TMDs with 

energetically favorable phases are done. The dipole correction is included along the direction 

perpendicular to the surface of TMDs.61 

The G0W0 calculations are also performed to get more accurate band alignments of some 

semiconducting monolayer TMDs, with a cutoff energy of 400 eV and 128 empty bands. In quasi-

particle G0W0 calculations, Γ centered 12×12×1 Monkhorst-Pack k-point mesh is used for Brillouin 

zone integration. Since the bandgap center (BGC) is reported to be insensitive to different 

exchange-correlation functionals,62 we employ the method proposed by Toroker et al. to determine 

the band edge positions.63 The corrected conduction band minimum (CBM) and valence band 

maximum (VBM) is given by 

/

1

2

Q P

C B M V B M B G C g
E E E                                                      (2.1) 

where EBGC is the band gap center energy obtained by PBE functional and 𝐸𝑔
𝑄𝑃

 is the quasiparticle 

band gap from the G0W0 calculation. 
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2.3 Results and Discussions 

2.3.1 The structure and relative stability of the monolayer TMDs 

Unlike other two-dimensional materials, there exist several polymorphs including the trigonal 

prismatic structure (H), the octahedral structure (T) and the distorted octahedral structure (T′) in 

the monolayer TMDs. Thus to find out the most stable structure of each monolayer TMDs, we 

firstly optimized the structures by using GGA-PBE and LDA methods. The optimized lattice 

constants by GGA-PBE and LDA methods are summarized in Table 2.1 which agree very well 

with previous works.32,64 Note that the lattice constants obtained by LDA are slightly smaller than 

those by GGA-PBE which is caused by the over binding effect of LDA. 

To compare the relative phase stability between trigonal prismatic, octahedral and distorted 

octahedral structures, we calculate the energy differences of the trigonal prismatic and distorted 

octahedral structures with respect to the octahedral structure (See Table 2.1). For convenience, the 

trigonal prismatic, octahedral and distorted octahedral coordination in monolayer is denoted as 

“H”, “T” and “T׳” as opposed to the Ramsdell notation of bulk layered crystals (nY: n = # of layers 

in periodic unit, Y = symmetry of unit cell) “2H”, “1T” and “1T׳”. Note that “H”, “T”, and “T׳” 

are taken from bulk notation (nY) by taking out the layer number n, and monolayer TMDs do not 

maintain the corresponding symmetry of “H”, “T” and “T׳”. Nevertheless, such notation becomes 

a common use in the research community. 

The conclusions on the H and T stability of these monolayer TMDs are generally consistent with 

previous reports.32,64,65 In this work, we have also considered the T’ structure (a structure with 
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transition metal and chalcogen atoms slightly displaced from the T structure) which has raised a 

lot of attention due to its specialty in both structural and electronic properties.66–68 

The total energy calculations of the optimized monolayer TMDs show that group VI TMDs are 

more stable in the H phase except for WTe2 which is more stable in the T׳ phase. In contrast, 

group IV TMDs are more stable in the T phase while most group V TMDs are more stable in the 

H phase (See Table 2.1). The total energy differences between the H and the T phase of the group 

V TMDs are quite small (< 0.1 eV) showing the possibility of coexistence of these two phases. 

The T׳ structure which is induced by commensurate charge density wave (CDW) instability is also 

considered in group IV, V TMDs. However, even if we start the structural relaxation from the T׳ 

phase, the optimized structure will be ended up with the T phase. It indicates that the T׳ structure 

is unstable in group IV, V-TMDs and the corresponding CDW instability is absent.69 

Our conclusion on the most stable structure is based on the total energy comparison and normally 

materials tend to maintain the structure with the lowest energy. However, the phase transition can 

occur under a specific condition. For instance, despite a ~0.84 eV lower energy of H-monolayer 

MoS2 than that of T-monolayer MoS2 (see Table 2.1), lithium ion intercalation was shown to result 

in the transformation of as-exfoliated 1T-MoS2 into 2H-MoS2 after 300 °C annealing. This 

observation opens up the exploration of phase change applications in versatile electronic 

devices.49,70 In this sense, it is important to examine the electronic structure of the T phase as well 

as the H phase, because the T phase can be transformed from the H phase by specific methods. 
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Table 2.1. Optimized lattice constants and total energies of monolayer TMDs calculated by both 

GGA-PBE and LDA (in parenthesis). Lattice constants aH and aT indicate the in-plane lattice 

constants of trigonal prismatic and octahedral monolayer TMD respectively. ΔE (H-T) and ΔE (T׳ 
-T) represent the energy differences of the trigonal prismatic and the distorted octahedral structures 

with respect to the octahedral structure, respectively. Hence, negative ΔE means the compared 

structure is more stable with lower total energy, and vice versa. It is well known that LDA 

underestimates the bonding length and GGA overestimates it. However, the energy difference ΔE 

between H- and T-monolayers is a relative quantity that can be well described by both LDA and 

GGA calculations. 

 

 S Se Te 

Mo 

aH (Å) 

aT (Å) 

ΔE(H-T)/eV 

ΔE(T׳-T)/eV 

3.19 (3.12) 

3.18 (3.13) 

-0.84 (-0.86) 

 -0.27 

3.33 (3.25) 

3.28 (3.23) 

-0.71 (-0.71) 

 -0.33 

3.56 (3.47) 

3.49 (3.43) 

-0.52 (-0.50) 

 -0.42 

W 

aH (Å) 

aT (Å) 

ΔE(H-T)/eV 

ΔE(T׳-T)/eV 

3.19 (3.13) 

3.20 (3.16) 

-0.89 (-0.99) 

 -0.36 

3.32 (3.25) 

3.28 (3.23) 

-0.77 (-0.77) 

 -0.46 

3.56 (3.48) 

3.50 (3.44) 

-0.57 (-0.55) 

 -0.64 

V 

aH (Å) 

aT (Å) 

ΔE(H-T)/eV 

3.18 (3.11) 

3.19 (3.10) 

-0.04 (-0.01) 

3.34 (3.26) 

3.35 (3.25) 

-0.04 (0.02) 

3.60 (3.52) 

3.63 (3.53) 

-0.01 (0.05) 

Nb 

aH (Å) 

aT (Å) 

ΔE(H-T)/eV 

3.35 (3.31) 

3.37 (3.30) 

-0.10 (-0.12) 

3.49 (3.42) 

3.48 (3.40) 

-0.09 (-0.10) 

3.70 (3.57) 

3.68 (3.62) 

-0.04 (-0.01) 

Ta 

aH (Å) 

aT (Å) 

ΔE(H-T)/eV 

3.34 (3.28) 

3.38 (3.29) 

-0.07 (-0.08) 

3.48 (3.40) 

3.50 (3.41) 

-0.07 (-0.08) 

3.70 (3.58) 

3.69 (3.62) 

-0.02 (0.01) 

Ti 

aT (Å) 

aH (Å) 

ΔE(H-T)/eV 

3.42 (3.32) 

3.34 (3.28) 

0.43 (0.42) 

3.55 (3.44) 

3.48 (3.42) 

0.35 (0.38) 

3.78 (3.68) 

3.74 (3.68) 

0.30 (0.35) 

Zr 

aT (Å) 

aH (Å) 

ΔE(H-T)/eV 

3.69 (3.61) 

3.58 (3.51) 

0.54 (0.53) 

3.81 (3.71) 

3.70 (3.64) 

0.42 (0.41) 

3.98 (3.86) 

3.92 (3.85) 

0.29 (0.31) 

Hf 

aT (Å) 

aH (Å) 

ΔE(H-T)/eV 

3.65 (3.56) 

3.53 (3.46) 

0.65 (0.62) 

3.77 (3.57) 

3.67 (3.59) 

0.52 (0.51) 

3.99 (3.86) 

3.90 (3.82) 

0.38 (0.39) 

Sn 

aT (Å) 

aH (Å) 

ΔE(H-T)/eV 

3.69 (3.62) 

3.61 

0.86 (0.87) 

3.87 (3.78) 

3.79 

0.79 (0.82) 
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The difference in the phase preference of monolayer TMDs can be understood based on the 

electronic configuration of transition metal (TM) atoms and the crystal field splitting. For group 

VI transition metal atoms, the six outermost valence electrons can be bonded to six chalcogen 

atoms through the trigonal prismatic coordination. As shown in Figure 2.1, the effect of a trigonal 

prismatic ligand field on the metal d-levels is the split-off of the d band to make dz
2 subband locate 

at lower energy state. Group VI metals have two electrons filling the subband and stabilizing the 

trigonal prismatic coordination (H), but group IV metals do not have such two electrons to fill the 

dz
2 subband leading the octahedral coordination (T) to be more stable. Group V metals have one 

electron partially occupying the subband so that both coordinations possess similar stability. This 

scenario is consistent with previous experimental and theoretical reports.32,64,71 

 

 

Figure 2.1. The atomic configurations and the corresponding crystal field splitting of d-orbitals of 

(a) trigonal prismatic coordination (H) and (b) octahedral coordination (T). “M” and “X” in atomic 

structures represent transition metal atoms and chalcogen atoms. 
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2.3.2 Electronic structure of monolayer TMDs 

The band structures of both the H- and the T- phases of monolayer group VI TMDs are listed in 

Figure 2.2. All monolayer group VI TMDs in the H structure are direct-gap semiconductors with 

both CBM and VBM located at corners (K and K’ in Figure 2.2) of the primitive BZ based on the 

DFT calculations in the GGA-PBE scheme, whereas those in the T phase are metallic. The SOC 

effect is shown by the valley polarization at two neighboring corners (K and K′ in Figure 2.2) of 

the primitive BZ in all the six TMDs. Evident spin splitting is observed at the VBM while slight 

spin splitting is shown at the conduction band edge (CBE). The degree of SOC is consistent with 

reported values, for example, at valence band edge (VBE) the ΔSO=0.15 eV for monolayer 

MoS2.
25,26,32,72–74 By analyzing the SOC effect in the band structures of all group VI TMDs, it is 

found that the degree of spin splitting at K and K′ is affected more by the type of transition metal 

atoms than that of chalcogen atoms. This finding is consistent with the fact that the real-space 

charge contribution of the VBE at the K point is mainly from the metal atom’s 3d-orbitals instead 

of chalcogen atom’s 2p-orbitals. This also agrees well with previous reports.27,32,64,75,76 

In group V TMDs, both the H and the T phase of group V TMDs are found to be metallic. 

Considering the small total energy difference between these two phases of monolayer group V 

TMDs, it is, therefore, possible that as-exfoliated or as-synthesized single-layer sheets can exist in 

either phase depending on the specific material preparation procedures. Nevertheless, the metallic 

nature of the monolayer pristine V-TMDs is not changed by the geometry of atomic coordination, 

although the band structures are affected substantially, as shown in Figure 2.3. 
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Figure 2.2. Electronic structures of (a) H-monolayer group VI TMDs and (b) T-monolayer group 

VI TMDs calculated using PBE functional with SOC included. Prominent SOC-induced removal 

of degeneracy is observed at VBE (especially at K and K′ points), as compared with CBE. The 

highest occupied state is set to 0 eV indicated by purple dotted lines. 

 



 

16 

Of particular interest, the H-monolayer pristine VS2 and VSe2 were reported to be ferromagnetic.77 

The strain-dependent magnetism was found to be related to the nature of its ionic-covalent 

bonding. Ferromagnetism is produced in these pristine monolayer group V TMDs. The group V 

TMDs family deserves further exploration of their rich physics and the potential broad applications 

from the relatively exotic characteristics, in contrast with other TMDs. For example, a metallic 

TMD can be stacked on a semiconducting TMD as conductive electrodes, which can avoid the 

potential damage of pristine semiconducting TMDs by invasive metal deposition processes and 

the Fermi level pinning of metal-TMD interfaces.78 

As discussed above, monolayer group IV TMDs is more stable in the T phase. Group IV transition 

metal (TM) atoms have a pair of valence electrons less than group VI TM atoms, making valence 

band of the group IV TMDs located at lower energy levels than that of group VI TMDs. Indirect 

gaps are formed for monolayer group-IV TMDs in both T and H phases, as shown in Figure 2.4. 

Thus smaller band gaps are formed in group IV TMDs compared to group VI TMDs comes from 

the higher valence band in group IV TMDs. The gap size is also strongly dependent on the 

transition metal and chalcogen species. The smaller band gaps are associated with a higher atomic 

index of constituent chalcogen atoms, producing negative gaps in all ditellurides. This trend is due 

to the decreasing electron negativity of the higher-indexed chalcogen species. 
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Figure 2.3. Electronic structures of (a) H-monolayer group V TMDs and (b) T-monolayer group 

V TMDs calculated with PBE functional including SOC effect. The highest occupied state is set 

to 0 indicated by purple dotted lines. 

 



 

19 

 



 

20 

 

Figure 2.4. Electronic structures of (a) the T- and (b) the H- monolayer group IV TMDs calculated 

by PBE functional with SOC effect. The highest occupied state is set to 0 indicated by the purple 

dotted lines. 
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Moreover, the T-monolayer group IV TMDs do not demonstrate an evident SOC effect, whereas 

the H-monolayer group IV TMDs exhibit an observable SOC effect. Combining the electronic 

structures of group VI and group IV TMDs, we can conclude that the SOC is prominent in H-

monolayer TMDs but negligible in T-monolayer TMDs. This information indicates that a strong 

crystal field-dependent SOC effect becomes stronger in the H phase. Because the constituent atoms 

arranged in various structures are involved in different gradients of crystal potentials, which affect 

the SOC effect substantially. 

2.3.3 Band Alignment of Monolayer TMDs 

To find the band alignment information of isolated monolayer TMDs, we have studied the phase 

stability of various monolayer TMDs and investigated their electronic structures in the previous 

session. After we obtain the band structure information database of various monolayer TMDs, we 

can easily extract their band gaps and absolute band positions with respect to vacuum. The results 

of CBM, VBM and band gap obtained by GGA-PBE and G0W0 method are tabulated in Table 2.2. 

The band gaps obtained by including the SOC effect in this work are similar to or slightly smaller 

than the values reported previously.22 This behavior is especially obvious in W-based H-monolayer 

TMDs due to a large SOC effect of ~0.4 eV at the valence band edge (VBE) which is consistent 

with previous works.29 The work function results of some monolayer TMDs agree very well with 

reported values. Moreover, the calculated electron affinity ~4.27 eV of monolayer MoS2 agrees 

well with the experimentally reported electron affinity ~4.0 eV in bulk MoS2 crystals.79,80 

To have a clear picture of band alignments of various monolayer TMDs, the VBM and CBM are 

plotted with green and orange columns in Figure 2.5 respectively. The chart is divided into three 

parts in which the left part is the band alignment of semiconducting monolayer TMDs. The middle 
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and right parts are metallic and semi-metallic monolayer TMDs with only occupied states marked. 

The results are quite consistent with a most recent work on the two-dimensional metal-

semiconductor junction.81 

As shown in Figure 2.5, for the H-monolayer group VI TMDs, when the atomic indexes of 

chalcogen species increase from S to Te, the VBE undergoes a conspicuous energy increase, 

associated with a relatively smaller energy increase of the conduction band edge (CBE), resulting 

in a decreasing energy gap. At the same time, the larger atomic radius and decreased reactivity 

induce weakened interaction between transition metal atoms and chalcogen atoms and 

correspondingly a larger lattice constant, thus resulting in a decrease in the band gaps. For the 

same chalcogen species, Mo is more reactive than W because of the intrinsic higher reactivity of 

3d-electrons than 4d-electrons. Therefore, the overall energy levels of Mo-dichalcogenides are 

lower than that of W-dichalcogenides. The six outermost valence electrons of metal atoms are 

bonded to six chalcogen atoms through trigonal prismatic coordination. Therefore, the valence 

band can be completely filled leaving conduction band empty, inducing the semiconducting nature 

of H-monolayer group VI TMDs. 

In contrast to group VI TM atoms, group IV TM atoms have two fewer valence electrons. As a 

result, group IV TMDs are semiconducting with deeper bands with respect to group VI TMDs. It 

is consistent with the observation of higher work functions of group IV TMDs than those of group 

VI TMDs. The same semiconducting nature but distinctive positions of band edges of group VI 

and group IV TMDs indicate the potential combination of these two types of TMDs for TFET 

application. For example, electrons at the VBE of WSe2 would be able to tunnel into the conduction 
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band of ZrS2 with ease. Another promising couple in TFET is WSe2 with SnS2 or SnSe2 and for 

this reason, the band alignments of SnS2 and SnSe2 are also shown in Figure 2.5 and Figure 2.682 

Different from group VI TMDs and group IV TMDs, most H- and T- monolayer group V TMDs 

are metallic except for H-VSe2 and H-VTe2 have been reported to be semiconducting or metallic 

before.32,83 A half-occupied band is produced because of the lack of one valence electron in group 

V TM atoms compared to group VI transition metal atoms. Thus all group V TMDs become 

metallic with intermediate work functions between group VI TMDs and group IV TMDs. Such 

diverse electronic properties of 2D TMDs make this emerging family of low dimensional materials 

promising in a broad range of applications. 

Table 2.2. VBM (Ev), CBM (Ec) and band gaps (Eg) of different monolayer TMDs are listed. Ec 

can also be referenced as electron affinity (EA) which is the energy difference between CBM and 

vacuum level. “D” and “I” in the parenthesis of Eg (D/I) indicate “direct” and “indirect” band gaps. 

“M” and “SM” denote the metallic and semi-metallic nature of monolayer TMDs respectively. 

The work functions (WF) of semiconducting monolayer TMDs are calculated by –(Ec+Ev)/2 and 

the work functions of semi-metallic and metallic monolayer TMDs are calculated by the difference 

between VBM of DFT result to the vacuum level. 

 DFT  G0W0 

WF(eV) Method 

TMDs Ev (eV) Ec (eV) Eg (eV)  Ev (eV) Ec (eV) Eg (eV) 

H-MoS2 -5.86 -4.27 1.59 (D)  -6.42 -3.71 2.71 5.07 PBE 

   1.68 (D)  −6.28 −3.92 2.36 5.10 PBE31 

 -6.13 -4.55 1.58 (D)  -6.32 -3.84 2.48  LDA32 

H-MoSe2 -5.23 -3.88 1.32 (D)  -5.75 -3.38 2.37 4.57 PBE 

   1.45 (D)  −5.62 −3.58 2.04 4.60 PBE31 

 -5.50 -4.18 1.32 (D)  -5.63 -3.46 2.18  LDA32 

H-MoTe2 -4.75 -3.78 0.94 (D)  -5.24 -3.35 1.89 4.29 PBE 

   1.08 (D)  −5.12 −3.58 1.54 4.35 PBE31 
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 -5.04 -4.11 0.93 (D)  -5.11 -3.40 1.71  LDA32 

H-WS2 -5.50 -3.93 1.54 (D)  -6.19 -3.28 2.91 4.73 PBE 

   1.82 (D)  −6.11 −3.47 2.64 4.79 PBE 

 -5.75 -4.24 1.51 (D)  -6.28 -3.85 2.43  LDA32 

H-WSe2 -4.86 -3.55 1.32 (D)  -5.49 -2.92 2.57 4.21 PBE 

   1.55 (D)  −5.46 −3.20 2.26 4.33 PBE31 

 -5.13 -3.91 1.22 (D)  -5.61 -3.53 2.08  LDA32 

H-WTe2 -4.44 -3.69 0.74 (D)  -4.20 -2.55 1.93 4.06 PBE 

   1.07 (D)  −4.97 −3.35 1.62 4.16 PBE31 

T-ZrS2 -6.38 -5.30 1.08 (I)  -7.19 -4.49 2.70 5.84 PBE 

   1.19 (I)  −7.14 −4.58 2.56 5.86 PBE31 

 -6.58 -5.55 1.03 (I)  -5.61 -3.53 2.88  LDA32 

T-ZrSe2 -5.44 -5.15 0.29 (I)  -6.19 -4.41 1.78 5.30 PBE 

   0.50 (I)  −6.14 −4.60 1.54 5.37 PBE31 

 -5.66 -5.41 0.25 (I)  -6.53 -4.68 1.85  LDA32 

T-HfS2 -5.73 -5.71 1.23 (I)  -7.16 -4.27 2.89 5.71 PBE 

   1.27 (I)  −6.98 −4.53 2.45 5.75 PBE31 

 -6.48 -5.42 1.06 (I)  -7.92 -4.63 2.98  LDA32 

T-HfSe2 -4.91 -5.37 0.45 (I)  -6.14 -4.19 1.95 5.17 PBE 

   0.61 (I)  −5.95 −4.56 1.39 5.25 PBE31 

 -5.57 -5.26 0.30 (I)  -6.53 -4.58 1.96  LDA32 

T-SnS2 -7.05 -5.46 1.59 (I)  -7.77 -4.74 3.04 6.55 PBE 

 -6.98 -5.58 1.40 (I)  -7.98 -4.91 3.07  LDA32 

T-SnSe2 -6.00 -5.22 0.78 (I)  -6.57 -4.74 1.84 5.79 PBE 
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 -6.19 -5.58 0.62 (I)  -6.96 5.05 1.91  LDA32 

H-VSe2 -5.51 -5.33 0.18(I)  M M M 5.42 PBE 

H-VTe2 -5.00 -4.83 0.17(I)  M M M 4.92 PBE 

H-VS2 -5.92 SM SM  M M M 5.92 PBE 

T-VS2 -5.53 M M  M M M 5.51 PBE 

T-VSe2 -5.00 M M  M M M 5.55 PBE 

T-VTe2 -4.60 M M  M M M 4.60 PBE 

H-NbS2 -6.07 M M  M M M 6.09  PBE 

T-NbS2 -5.33 M M  M M M 5.32 PBE 

H-NbSe2 -5.54 M M  M M M 5.52  PBE 

T-NbSe2 -4.91 M M  M M M 4.90 PBE 

H-NbTe2 -5.02 M M  M M M 5.06  PBE 

T-NbTe2 -5.14 M M  M M M 4.62 PBE 

H-TaS2 -5.91 M M  M M M 5.93  PBE 

T-TaS2 -5.09 M M  M M M 5.06 PBE 

H-TaSe2 -5.38 M M  M M M 5.40  PBE 

T-TaSe2 -4.68 M M  M M M 4.66 PBE 

H-TaTe2 -4.82 M M  M M M 4.90  PBE 

T-TaTe2 -4.83 M M  M M M 4.40 PBE 

T-TiS2 -5.74 SM SM  SM SM SM 5.72 PBE 

T-TiSe2 -5.32 SM SM  SM SM SM 5.32 PBE 

T-TiTe2 -4.81 SM SM  SM SM SM 4.86 PBE 

T-ZrTe2 -4.81 SM SM  SM SM SM 4.56 PBE 

T-HfTe2 -4.70 SM SM  SM SM SM 4.72 PBE 
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Figure 2.5. Band alignment of all the studied monolayer TMDs. CBM and VBM are indicated by 

the green and orange columns respectively. The vacuum level is set to 0 eV. 

2.3.4 Band alignments in TMD bilayer heterostructures 

After getting the band alignment information of the building blocks monolayer TMDs, we can 

have a blueprint for designing diverse promising heterostructure devices. However, when they are 

really stacked, the resultant band structure is not a simple combination of two monolayer TMDs 

which is commonly explained by Mott-Schottky or Anderson’s rule.53,54 Some additional effects 

occur at the interfaces including charge transfer, charge redistribution and interfacial dipoles 

leading to the shift of the band alignment. These phenomena were experimentally observed in 

some previous works.84–86 
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Figure 2.6. Position of band edges for stable semiconducting TMDs with respect to vacuum. The 

band edge of DFT-PBE data and G0W0 data are indicated by filled navy blue gradient column and 

pink solid column, respectively. The vacuum level is set to 0 eV. 

 

To understand the band alignment before and after the stacking of two monolayer TMDs, we 

choose a set of monolayer TMDs with a negligible mismatch in their lattice constants to calculate 

the band structures of their heterostacks. 

The band structures of monolayer H-MoTe2, monolayer T-ZrS2 and their heterostacks are shown 

in Figure 2.7 as a representative example. The valence band edge of isolated monolayer H-MoTe2 

is higher than the conduction band edge of isolated monolayer T-ZrS2. As a result when monolayer 

H-MoTe2 is in contact with monolayer T-ZrS2, the band structure of H-MoTe2-T-ZrS2 bilayer 

heterostack is not simply a superposition of their individual band structures. An obvious charge 

transfer is observed from the valence band of monolayer H-MoTe2 to the conduction band of 
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monolayer T-ZrS2. This charge transfer can also be confirmed by the partially occupied valence 

band and conduction band around the Fermi level in the H-MoTe2-T-ZrS2 bilayer heterostack (see 

Figure 2.7b). Comparing the band structure of monolayer H-MoTe2 in Figure 2.7a and the 

projected band structure of H-MoTe2 in Figure 2.7b, we can find a similar amount of lowering in 

the conduction bands and the valence bands which keeps the band gap almost the same. While in 

T-ZrS2 the conduction band is shifted down and the valence is shifted up respectively. The 

inconsistency of the trend of band shift between H-MoTe2 and T-ZrS2 can be regarded as complex 

interfacial effects including dipole formation, charge redistribution, and interlayer coupling etc. 

 

Figure 2.7. The band structure of isolated a) monolayer H-MoTe2 and c) monolayer T-ZrS2 are 

plotted with pink solid lines and navy solid lines respectively. The horizontal black dotted lines 

indicate Fermi level in the isolated monolayer H-MoTe2 and T-ZrS2. The projected band structure 

of H-MoTe2 layer and T-ZrS2 layer in H-MoTe2-T-ZrS2 bilayer heterostack are indicated by pink 

dotted lines and navy dotted lines respectively. The violet dash-dotted line represents the Fermi 

level in the H-MoTe2-T-ZrS2 bilayer heterostack. The vacuum level is set to be zero. 

 

By extracting the VBM, CBM and Fermi level from the band structures before and after stacking 

(like Figure 2.7), we investigated the band alignment of H-MoTe2-T-ZrS2, H-MoTe2-H-NbSe2, and 

H-MoTe2-T׳-MoTe2 bilayer heterostructures. These three couples represent three types of 
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heterostacks: semiconductor-semiconductor, semiconductor-metal, and metal-semimetal. The 

band alignment variations of these three combinations before (light gray) and after (VBM-green 

column, CBM-orange column) stacking are shown in Figure 2.8a, b, and c respectively. 

First, in the H-MoTe2-T-ZrS2 stack (semiconductor-semiconductor stack), as the VBM of H-

MoTe2 is located at a higher energy than the CBM of T-ZrS2, a charge transfer from H-MoTe2 to 

T-ZrS2 can be observed as shown in Figure 2.8d. The highest occupied state of the heterostack is 

aligned with the VBM of H-MoTe2 after stacking. The charge transfer and interlayer coupling have 

been experimentally observed in many previous works.85–88 Moreover, in the H-MoTe2-T-ZrS2 

stack, the valence band offset (VBO) and the conduction band offset (CBO) between the H-MoTe2 

layer and the T-ZrS2 layer is calculated to be 0.72 eV and 1.11 eV respectively. It is interesting to 

see that the band gap of H-MoTe2 is almost unchanged before and after stacking while the band 

gap of T-ZrS2 is slightly reduced due to the complex interlayer coupling and the interfacial charges. 

Second, in the H-MoTe2-H-NbSe2 stack (semiconductor-metal stack), because the average 

energies of electrons in H-MoTe2 are higher than that of H-NbSe2, the charge transfer occurs from 

the VBM of H-MoTe2 to H-NbSe2 (shown in Figure 2.8e). The valence band of H-MoTe2 is shifted 

down to be aligned with the VBM of the stack, while the VBM of H-NbSe2 is just slightly lowered 

because the charge injection cannot change the Fermi level obviously due to the existence of a lot 

of empty states around the highest occupied state of H-NbSe2. 

Third, in the H-MoTe2-T׳-MoTe2-stack (semiconductor-semimetal stack), similar to the 

semiconductor-metal stack such as H-MoTe2-H-NbSe2 stack, the charge transfer from T’-MoTe2 

to H-MoTe2 is almost negligible which can be confirmed by the tiny upshift of the VBM and CBM 

of H-MoTe2 after stacking. This effect can be shown in Figure 2.8f, compared to Figure 2.8d and 
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e, more transferred charge is accumulated in the interface rather than in the charge accepting layer. 

Similar to metal, the shift of VBE positions in T׳-MoTe2 is very small because of its semi-metallic 

nature. The reason accounts for the small amount of charge transfer is from the small difference 

of chemical potential (in another word the Fermi level) between the H-MoTe2 and T’-MoTe2. The 

Schottky barrier between H-MoTe2 and T’-MoTe2 is 0.18 eV which is close to ohmic contact. 

Apart from these three typical kinds of heterostacks, we also investigated many other TMDs 

bilayer heterostacks. This information is critical for the design and development of heterostructure 

devices. 

It is worthwhile to note that in the semiconductor-metal and semiconductor-semimetal stacks, the 

realignments reduce the Schottky barrier heights which greatly reduce the contact resistance and 

improve the electrical performance of TMDs heterostructure based field effect transistors (FETs). 

Theoretically, it has been shown that the Schottky barrier can be tuned by choosing various 

metallic TMDs as contact electrodes. Due to the Van der Waals contact, 2D metal can have the 

advantages including facilitating carrier transport, weakened Fermi level pinning  and reduced 

electron-hole recombination.80 Experimentally, improved contact resistance is also observed in 

WSe2-NbSe2 FETs and the formation of ohmic homojunction in MoTe2.
47,89 
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Figure 2.8. Band alignments before and after the stacking of (a) H-MoTe2 and T-ZrS2 (b) H-MoTe2 

and H-NbSe2 and (c) H-MoTe2 and T’-MoTe2. The light gray columns indicate the VBM and CBM 

before the stacking. The blue horizontal bars denote the highest occupied states. The green and 

orange columns represent the VBM and the CBM after stacking, respectively. The valence band 

offset (VBO) and conduction band offset (CBO) is marked with black arrows. The charge density 

difference between the heterostructures (d) H-MoTe2-T-ZrS2 (e) H-MoTe2-H-NbSe2 (f) H-MoTe2- 

T′-MoTe2 and their two isolated TMD layer (Δρ=ρheterostructure-ρA-ρB) is calculated to show the charge 

redistribution after the stacking. The blue and pink clouds represent electron accumulation and 

depletion region respectively. 

 

Although we have some understanding of band alignment variation in several Van der Waals 

heterostacks of TMDs from DFT calculations, considering the vast population of heterostructures, 

it still takes a huge amount of time and resource to experimentally explore the band alignments of 

these vast number of heterostructures. Furthermore, direct DFT modeling of all possible TMD 

bilayer heterostacks also has practical challenges of large supercells to accommodate lattice 

mismatch among different TMDs. Therefore, a conclusive formula predicting the band alignment 

of the heterostack based on the alignment of component monolayer TMDs is necessary for the 

heterostack design. 
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By referring to the CEM used in double-wall nanotubes, we developed a formula to predict the 

highest occupied state of the heterostack from the work function of its building block TMDs. The 

DFT results and the predicted results are tabulated in Table 2.3 which agree very well, with the 

largest difference of ~0.2 eV. By analyzing the applicability of the formula, we find that it has a 

better agreement for the heterostructures with a higher amount of charge transfer. On the other 

hand, it gives acceptable agreement in the H-MoTe2-T׳-MoTe2 heterostack in which charge 

transfer is least obvious. (See Figure 2.8f). The reason for such difference in the applicability of 

this formula may come from additional processes occurring at the interface including charge 

redistribution and interlayer coupling. 

Obtaining the highest occupied state in the TMD bilayer heterostructures provide some 

understanding of band alignment variation of the TMD layers during the formation of the 

heterostructures. This can also give some basic understanding to the experimentalist for designing 

the TMD bilayer heterostructure devices. 

Table 2.3. φA and φB is the highest occupied state of isolated layer A and layer B. Layer A and 

layer B indicates the bottom and upper TMD layer in the heterostructure. For example layer A 

represents H-MoTe2 layer and layer B represents a T-ZrS2 layer in the H-MoTe2-T-ZrS2 

heterostructure. φDFT is the highest occupied state of the heterostructure consisting of layer A and 

layer B calculated by DFT simulation and φ formula is the highest occupied state of the 

heterostructure obtained by our formula. φDFT andφformula show good agreement between each 

other. 

 

Heterostructure φA φB φDFT φFormula 

H-MoTe2-T-ZrS2 4.89 6.41 5.49 5.52 

H-MoTe2-T-ZrSe2 4.89 5.58 5.26 5.18 

H-WSe2-H-NbS2 5.11 6.08 6.12 6.08 
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H-MoTe2-H-NbSe2 4.89 5.55 5.52 5.55 

H-WSe2-H-NbSe2 5.11 5.55 5.41 5.55 

H-MoTe2-T-NbSe2 4.89 4.91 4.96 4.91 

H-MoSe2-H-NbSe2 5.33 5.55 5.52 5.55 

H-MoSe2-H-NbS2 5.33 6.08 6.07 6.08 

H-MoTe2-T’-MoTe2 4.89 4.49 4.68 4.49 

2.4 Conclusions 

By comprehensive DFT calculations, we investigated phase stability, electronic structures, band 

alignments, work functions of 2D transition metal (group IV: Ti, Zr, and Hf; group V: V, Nb, and 

Ta; and group VI: Mo and W) dichalcogenides (S, Se, and Te). A clear trend of the preferential 

intralayer coordination is found to be determined by the electronic configuration of transition metal 

atoms. The TMDs studied here cover direct- and indirect-gap semiconductors, metals, and semi-

metals. In particular, the universal band alignment information of the studied TMD family provides 

experimentalists with valuable guidance for designing electrical contacts, TFETs and photovoltaic 

devices based on heterogeneous stacking of TMD films. A conclusive formula based on charge 

equilibration method (CEM) is developed to predict the band alignments of a vast number of TMD 

bilayer heterostructures. This quick and easy method to estimate the band alignment of the 

heterostructure by the band positions of arbitrary TMD components will provide helpful guidance 

for the development of numerous promising TMD heterostructure nanoelectronic devices. 

 

 

 



 

34 

CHAPTER 3 

PHASE STABILITY OF MONOLAYER WXMO1-XTE2 ALLOY AND ITS 

SEMICONDUCTOR-SEMIMETAL PHASE TRANSITION 

 

Some parts of this chapter have been published as: Zhang, C.; Kc, S.; Nie, Y.; Liang, C.; 

Vandenberghe, W. G.; Longo, R. C.; Zheng, Y.; Kong, F.; Hong, S.; Wallace, R. M.; Cho, K. 

Charge Mediated Reversible Metal-Insulator Transition in Monolayer MoTe2 and WxMo1-xTe2 

Alloy. ACS Nano 2016, 10 (8), 7370–7375. Reprinted with permission from American Chemical 

Society. Copyright © 2016 American Chemical Society. 

3.1  Introduction 

Metal-insulator phase transition materials have long been sought after because of their promise for 

device applications in two- and three-terminal electronic switches,90,91 optical devices,92 electronic 

oscillators,93 memristive devices,94 thermal sensors95 and chemical sensors.96 Particularly, in fast 

switching devices, due to the rapid occurrence of the metal-insulator transition97 can achieve an 

abrupt switch between low-resistance (metal) state and high-resistance (insulator) state which is 

not limited by the carrier transit time limiting the conventional field effect transistor (FET).98 

Several fast switching devices based on metal-insulator transition have been successfully 

fabricated using VO2 and TaS2 as a channel material showing the feasibility of phase transition 

devices.99–102 However, low dimensional materials with close to ambient metal-insulator transition 

materials are rare and the transition is also not easy to be controlled. 
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Monolayer transition metal dichalcogenides (TMDs), as a rising class of two-dimensional 

materials beyond graphene, have attracted a wide range of attention around the world in boosting 

the 2D electronics development. Unlike graphene, monolayer group-VI TMDs have two 

polymorphs: the semiconducting “H” phase (shown in Figure 3.1a) and the metallic “T” phase 

(shown in Figure 3.1b).103 Because of some ambiguity in the use of notations of TMDs in previous 

literature, to avoid confusion, in our paper we use H, T, and T′ to represent the few-layer TMDs, 

while 2H, 1T, and 1T′ are used to denote bulk TMDs. The coexistence of the metallic phase and 

the semiconducting phase in monolayer TMDs hints at the possibility of obtaining a metal-

insulator transition. 

Several methods have indeed been verified to induce the phase transition between the H and the T 

phase in many group VI monolayer TMDs including Lithium intercalation,104–106 surface 

functionalization,49,107 alkali atom adsorption,108–113 and charge mediation.114 Despite many 

attempts to achieve an electronic metal-insulator transition, it remains challenging to realize a 

reversible structural transition between the H phase and the T phase in monolayer TMDs. 

Unlike other TMDs, MoTe2 and WTe2 are distinguished by the existence of a semi-metallic 

distorted octahedral T′ phase (shown in Figure 3.1c) with a very small energy increase from the 

semiconducting H phase (< 0.1 eV/ MoTe2).
69,115–118 This characteristic indicates that a modest 

change in the external chemical or electrostatic environment can induce a dynamic insulator-to-

metal phase transformation between the H and the T′ phase. 

Early works have been done on bulk MoTe2 which confirms the existence of a phase transition 

from the 2H to the 1T′ at about 800 ℃119 and shows an abrupt increase in conductivity which can 
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be attributed to the insulator-metal transition.120 Most recently, the phase transition between the H 

and the T′ phase in few-layer MoTe2 was also confirmed by a considerable amount of theoretical 

and experimental work. Strain and surface adsorption of molecules are theoretically predicted to 

have the capability to trigger the phase transition between the H and the T′ phase in monolayer 

MoTe2.
118,121 Experimentally, large size few-layer MoTe2 of the H and the T′ phase have been 

synthesized respectively by controlling growth temperature.122 Laser annealing is also adopted to 

render the H to T′ phase transition on top layers of few-layer MoTe2 forming a patterned metal-

semiconductor contact which greatly reduces the contact resistance in a fabricated field effect 

transistor.48 

Nevertheless, compared to strain, temperature, molecule adsorption and laser etc., electrostatic 

control is a more feasible way to induce a dynamic phase transition. The electrically driven 

reversible metal-insulator phase transition has been successfully applied to fast switching devices 

with short response time (2-3 ns),100,102,123 although the electrically driven phase transition between 

the T′ and the H phase (metal-insulator transition) has not been demonstrated yet. 

In this dissertation, the effect of electrostatic charge injection on the phase stability of monolayer 

MoTe2 and WTe2 is investigated using the DFT calculations. Apart from charge injection, we find 

that the transition metal alloying in monolayer WxMo1-xTe2 can facilitate the phase transition by 

reducing the energy difference between the H phase and the T′ phase. Transition metal and 

chalcogen alloying in monolayer TMDs have been experimentally achieved by CVD method 

showing controllable tunability of compositions and electronic properties.124–126 It shows that the 

feasibility of synthesis of monolayer WxMo1-xTe2 with a specific composition. We find that at an 
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x~0.333 composition in monolayer WxMo1-xTe2, a very small amount of charge can reverse the 

relative thermodynamic stability between the H phase and the T′ phase showing a promising 

dynamic metal-insulator transition. 

3.2 The structure of the H phase, the T phase, and the T’ phase in molybdenum ditellurides 

 

Figure 3.1. Atomic configurations of the (a) H phase (b) T phase, and (c) distorted T phase (T′) 

monolayer transition metal dichalcogenides MTe2 (M=Mo, W). The unit cell is marked with blue 

dashed rectangular. The red dotted line shows the zigzag chain formed by dimerization of metal 

atoms. The black triangle represents the local triangular configuration of the chalcogen atom layer 

to distinguish the difference in the bonding characteristics in the H, T and T′ phases. Total density 

of states of monolayer MoTe2 are calculated in the (d) H phase (e) T phase (f) distorted T (T′) 

phase. 
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The atomic structures of monolayer H, T and T′ phases of TMDs are illustrated in Figure 3.1a, b, 

and c, respectively. As electronic properties of monolayer TMDs are related to the nature of their 

structures, various electronic properties are obtained in different phases of TMDs. Our density of 

states calculations (Figure 3.1d and e) confirm that H-MoTe2 is semiconducting while T-MoTe2 

is metallic which is caused by transition metal d orbital splitting.127 The Peierls distortion along 

the a-axis reduces the density of states around the Fermi level in the T phase resulting in the semi-

metallic T′ phase.69 This phenomenon is analogous to the charge density wave (CDW) induced 

metal-insulator phase transition previously discovered in a number of TMDs such as TaS2, TaSe2 

etc.128,129 The speed of phase transition is very fast and can be on the order of femtoseconds.97 

To understand phase stability of the H phase and the T′ phase of monolayer WxMo1-xTe2 alloy in 

the process of mixing, the formation energies are calculated using following formula: 

1 2 2 2
( ) ( ' ) (1 ) ( )

fo rm a tio n x x
E E W M o T e x E T W T e x E H M o T e


                 (3.1) 

The formation energy diagram in Figure 3.2 shows that the T′ phase of pristine monolayer WTe2 

is thermodynamically more favorable while monolayer MoTe2 is more stable in the H structure 

due to different contributions from ligand field splitting stabilization and CDW stabilization.69 This 

difference in the stable phase at room temperature shows that appropriate mixing of WTe2 and 

MoTe2 is able to achieve a state where the T′ phase and the H phase of the alloy have the same 

thermodynamic stability. Moreover, as the formation energies of the H phase and the T′ phase 

monotonically increase and decrease with increasing content of W, respectively, a crossing point 

is located at about x=0.333. It can be observed that in the region of x<0.333, the H structure is 

more stable while in other regions, the T′ phase is more stable. The observation of a transition 
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point at x=0.333 is consistent with what has been found in bulk WxMo1-xTe2 alloys.115 These 

findings indicate the potential that controlled synthesis of desired phase and electrical behaviors 

of the alloy can be obtained by tuning the ratio of metal and chalcogen precursor flux with chemical 

vapor deposition (CVD), metal organic chemical vapor deposition (MOCVD), or van der Waals 

epitaxy. 126,129,130 

3.3 The phase stability of monolayer WxMo1-xTe2 alloy 

 

Figure 3.2. Formation energy of WxMo1-xTe2 in both T′ structure (blue) and H structure (red) at 

various W concentration x. Reference energy phases are H-MoTe2 and T′-WTe2 which are most 

energetically stable phase at room temperature. The magenta double-sided arrows indicate the 

energy differences between the T′ phase and the H phase alloy at the concentration of x=0, 

x=0.125, and x=0.25 respectively. 

 



 

40 

Furthermore, it is found that in monolayer WxMo1-xTe2 alloy, the energy difference between the 

T′ phase and the H phase is reduced when x approaches the transition point indicating the potential 

that smaller amount of charge modulation than that in pristine MoTe2 can render the T′ phase more 

stable than the H phase of monolayer WxMo1-xTe2 when x is closer to 0.333. 

The impact of charge on the relative stability between the H and the T′ structures is examined for 

both monolayer WTe2 and MoTe2, as shown in Figure 3.3a and d. It is shown that at a charge 

neutral condition, WTe2 slightly favors the T′ structure over the H structure by a reduction in 

energy of 0.09 eV/WTe2. However, for MoTe2, at a charge neutral state, the H phase of monolayer 

MoTe2 is predicted to have a slightly lower energy than the T′ phase (0.04 eV/MoTe2) as shown 

in Figure 3.2. The difference can be analyzed by comparing the introduction of energy increase 

caused by charge injection. When a certain amount of negative charge is introduced, electrons will 

fill the conduction band in the H phase, while in the T′ phase, due to its semi-metallic nature, 

electrons will fill the Fermi level which introduces a smaller energy increase. Similarly, when a 

positive charge is applied, electrons removed from valence band edge of the H phase MoTe2 will 

increase the energy more, compared to taking electrons from the Fermi level in the T′ phase. 

Therefore, charge stabilizes the T′ phase more than the H phase. It is thus difficult to switch the 

stability of the T′ and the H phase in WTe2 since the T′ phase is already more stable at the charge 

neutrality state in WTe2. On the other hand, in MoTe2, the H phase is more stable than the T′ phase 

in the charge neutrality state, and an introduction of a positive or a negative charge can make the 

T′ phase more stable than the H phase, thus realizing an insulator-metal transition. The charge 

effect is also supported by experiments where charge transfer mechanism has been used to explain 

the alkali metal and molecule adsorption induced phase transition monolayer MoS2.
111,121
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The influence of the charge density on the relative stability of the H and the T′ phase is also 

analyzed in monolayer WxMo1-xTe2 alloys with x=0, x=0.125 and x=0.25, as shown in Figure 

3.3a, b, and c, respectively. It is found that as x approaches the transition point, a smaller charge 

density is required to induce the phase transition. These observations suggest that a gate voltage 

can be used to apply a charge to monolayer MoTe2 and further control the phase transition process 

between the semiconducting H phase and the semi-metallic T′ phase. The critical charge densities 

required to induce the phase transition are extracted from Figure 3.3a, b, and c where the crossing 

point is indicated by the red open circles. 

In order to understand the difficulty of phase transition between the H and the T’ phase, by nudged 

elastic band (NEB) method,71,131 we calculated the transition barriers between the H and the T’ 

phase at the neutral, negatively charged, and positively charged state respectively (See Figure 

3.4). A two formula unit cell model of MoTe2 is used in our calculation which is shown in Figure 

3.4b. 

From the energy difference between H phase and T’ phase which is shown on the H phase side in 

Figure 3.4, we can observe that addition of positive and negative charges will make the energy of 

H phase increase more than that of T’ making H phase less stable. 

In MoTe2, the phase transition barrier from H to T’ phase in the neutral state would be 0.83 

eV/MX2. However, one negative charge in two formula unit cell reduces the transition barrier to 

0.54eV/MX2 while one positive charge in the same cell will render the barrier to be 0.41eV/MX2. 

Obviously, charge reduces the barrier which facilitates the phase transition between T’ and H. 
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Figure 3.3. The effect of charge density on the energy of the H structure and the T′ structure in (a) 

MoTe2 (b) W0.125Mo0.875Te2 (c) W0.25Mo0.75Te2 (d) WTe2. The insets are the enlarged graphs in the 

range of charge density from -0.125 to 0.125 e/formula unit. The red open circles indicate the 

crossing point of two curves which corresponds to the switching point of relative stability between 

H structure and T′ structure. Lowest energy at neutral state is set as reference energy (E=0). 

 

The phase transition speed can be estimated by
1

b
E

k Te




 , where τ is the phase transition time, ν 

is the intersite attempted jump frequency (~1012-1013), Eb is the phase transition barrier, k is the 

Boltzmann constant and T is the temperature (assumed to be room temperature 298K). The 

estimated phase transition time of neutral monolayer MoTe2 would be ~7 seconds, while it is 
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reduced to 0.7 μs with one additional positive charge in two formula unit of monolayer MoTe2. 

Furthermore, it is reasonable to speculate that when the energy difference between H and T’ phase 

of WxMo1-xTe2 becomes smaller, the transition barrier can be further reduced. The transition 

barrier of 0.23 eV corresponds to a rapid phase transition time of ~1 ns which is possible to be 

achieved at the x=0.333 in monolayer WxMo1-xTe2. Moreover, the barrier is considered in a 

homogeneous sample and the transition speed is controlled by the nucleation of the critical 

droplets. However, we can expect a much faster transition as in large samples nucleation sites exist 

in both phases due to various inhomogeneities. 

 

 

Figure 3.4. (a) NEB results of the phase transition barriers between T’ and H of monolayer MoTe2 

under neutral (blue), one negatively charged (red) and one positively charged (green). The total 

energy of 1T’ monolayer MoTe2 is taken as the reference energy. (b) Two formula unit cell is used 

for calculations of the phase transition barrier between H and T’ MoTe2 indicated by light blue 

dashed frames. 

3.4 The potential device structure of Mott-FET 

A potential structure of Mott FET101 is proposed as a candidate for the steep slope device in which 

monolayer WxMo1-xTe2 is used as channel material (See Figure 3.5). In this device, when 

monolayer WxMo1-xTe2 maintains the H structure in the channel, the conductivity can be quite 
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low, as monolayer H-WxMo1-xTe2 is semiconducting. After the application of a specific gate 

voltage, monolayer H-WxMo1-xTe2 is transformed into the T′ phase with high conductivity and 

thus the transistor is switched on. In addition, the insulator-to-metal transition is triggered so fast 

that an abrupt switch between the off and on state can be obtained which is not limited by the 

carrier transit time as in conventional field effect transistors. 

 

Figure 3.5. Schematic illustration of the relation between drive current ID and gate bias VG in (a) 

the traditional MOSFET and (b) the steep slope devices. The structure of Mott FET (c) with 

monolayer H-MoTe2 as channel material (off state) and (d) with monolayer T’-MoTe2 as channel 

material (on state). Density of states of (e) monolayer H-MoTe2 (semiconducting) and (f) 

monolayer T’-MoTe2 (semi-metallic) 

 

The critical charge density required to induce the phase transition can be converted to a critical 

voltage with a simple capacitor model. The formula below is used to estimate the critical phase 

transition voltage: 

/

Q Q Q t
V

C A t A 
                                                           (3.2) 
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Where Q/A is the surface charge density, t is the thickness of dielectric material (5 nm HfO2), ε = 

ε0εr with ε0 being the permittivity of vacuum (8.85× 10−12 F/m), and εr being the relative 

permittivity of HfO2 (εr=25). 

Figure 3.6. The positive (pink) and negative (blue) voltage required to switch the relative stability 

of H-MoTe2 and T′-MoTe2. Critical Voltages are converted from critical charge density to induce 

phase transition at the points denoted by red open circles shown in Figure 3.3c d and e using the 

simple capacitor model. The violet dashed line is the stability transition point in WxMo1-xTe2 with 

x=0.333, pink and blue dashed lines are estimated voltage by linear extension when x approaches 

phase stability switching composition (x=0.333). The light yellow and green shaded parts indicate 

the regions where the H phase and the T′ phase is more stable, respectively. 

 

The converted critical voltages required to trigger the phase transition between the H and the T′ 

phase of monolayer WxMo1-xTe2 alloy with different compositions are shown in Figure 3.6. It is 

found that the critical voltage to induce the phase transition will continuously decrease as x 
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approaches the transition point of the phase stability between the T′ and the H phase. Furthermore, 

the critical voltage required to induce the phase transition between H and T′ becomes quite small 

near the transition point, which suggests the feasibility of the electrically controlled phase 

transition in monolayer WxMo1-xTe2 alloy. However, when x exceeds the transition point at 

x=0.333, it is impossible to realize the phase transition by charge injection since only the T′ phase 

is available in the region of x>0.333.  

3.5 Conclusions 

In summary, using DFT calculations, the effect of transition metal alloying on the phase stability 

of the H and the T′ phases is investigated in monolayer WxMo1-xTe2. Calculations show that the 

T′ phase can be stabilized by increasing the W concentration (x) in monolayer WxMo1-xTe2 and a 

critical phase transition point (from the H phase to the T′ phase) at x=0.333 was found. This 

provides the potential guidance to synthesize the desired phase of monolayer WxMo1-xTe2 by 

deposition methods such as CVD or MBE. In addition, the small energy difference between the 

H phase and the T′ phase around x=0.333 indicates the thermodynamic possibility that the 

injection and removal of even a small amount of charge can reversibly induce a phase transition 

between the H phase and the T′ phase of the monolayer WxMo1-xTe2 alloy. The realization of the 

phase transition enables a dynamic metal-insulator transition in two-dimensional systems. A fast 

switching device structure is proposed and reasonable critical gate voltages required to induce 

the phase transition are estimated by a simple capacitor model. Insights into the dynamic charge 

mediated metal-insulator phase transition in monolayer WxMo1-xTe2 alloy opens up a broad space 

for the development of future two-dimensional phase transition nanoelectronic devices. 
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CHAPTER 4  

DOPING OF 2D TRANSITION METAL DICHALGENIDES 

4.1 Introduction 

Two-dimensional materials have attracted much attention since the success of graphene. Among a 

large number of 2D materials, transition metal dichalcogenides (TMDs) have shown many unique 

properties including atomic scale smoothness, dangling bond-free surface, sizable direct band gap, 

layer dependent electronic structure, and spin valley polarizations. The considerably large band 

gap of monolayer TMDs reduces the standby power consumption compared to graphene-based 

devices. The ultrathin body thickness of 2D TMDs also reduces the short-channel effect and 

improves the electrostatic control. Based on these superior properties, 2D TMDs have been used 

in PL,132 field effect transistors (FETs),133 phototransistors,134 sensors,135 light-emitting diodes 

(LED),46 photovoltaic devices,136 valleytronic devices137–139 etc. However, since the ultrathin body 

of 2D TMDs is very sensitive to the extrinsic and intrinsic environmental factors including crystal 

defects, impurities and charge traps, the electronic and optical properties are greatly affected by 

these defects. Thus it is indispensable to find out a way to control and enhance the electrical 

performance of the TMDs based devices is imperative. Doping, in the semiconductor industry, is 

a process that involves the local manipulation of its conductivity and charge density. It is regarded 

as one of the key technologies in electronic devices. Different doping methods have been 

investigated in 2D TMDs including alloying,140 substitutional doping during growth,141 ion 

implantation142, and surface charge transfer.143–145 Both n-type and p-type doping in 2D TMDs 

have been reported with different methods of doping. Re-,146 Nb-141 have been reported to 

introduce n-type and p-type substitutional doping in MoS2 respectively in the process of growth. 
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The use of plasma treatments including N2,
142 PH3,

147 SF6, CF4
147 has been shown to introduce p-

type doping while H2 and He plasma bring in n-type doping in WSe2.
147 In the surface charge 

transfer doping methods, the type of doping depends on the direction of the charge transfer. NOx 

adsorption has been shown to introduce p-type doping144 because the adsorbate is extracting 

electrons from the TMDs while NH3 adsorption can induce n-type doping because of the electron 

injection.146 Another surface charge transfer doping can be achieved by a solid-state oxide layer. 

In MoOx and MoS2 interface, electron transfer occurs from TMDs layer to the oxide layer inducing 

p-type doping.146 

Some DFT investigations on the doping effect on TMDs have been also reported. Komsa et al. 

have investigated the possibility of substitutional doping of non-metal elements assisted with 

electron irradiation.148 Other possible doping strategies including metal-site doping and ionic 

adsorption doping have also been reported.149 These styles have provided a good qualitatively 

understanding of doping levels, however, in the practical operation process of electronic devices, 

the repeated charge and discharge processes occur frequently and require a systematic 

understanding. In the optoelectronic devices, quantitative information about these dopant levels 

has significant roles, because these levels can serve as electron-hole recombination centers. In this 

chapter, we study the doping effect on the electronic structures of monolayer TMDs including 

chalcogen-site substitutional doping, metal-site substitutional doping, and surface charge transfer 

doping. We have analyzed the dopant levels and charge transition levels which are more consistent 

with experimental results to provide a reference for the development of the TMDs-based electronic 

devices in the future. 
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4.2 Chalcogen-site substitutional doping in monolayer TMDs 

4.2.1 The Kohn-Sham (KS) dopant levels in monolayer MoS2 

To investigate the chalcogen-site doping effect in monolayer TMDs, we calculated the electronic 

structures of the monolayer MoS2 with one S atom replaced by group VII elements (F, Cl, Br, I) 

and group V elements (N, P, As, Sb). The unfolded band structures of group V and group VII 

elements doped 6x6 monolayer MoS2 supercells are investigated. (See Figure 4.1). The band 

structure shows Group V elements doping will introduce p-type doping which can be seen by 

dopant levels close to the valence band maximum (VBM) and the lowered highest occupied state 

(referenced as 0 in Figure 4.1b). Among the group V dopants, P gives shallowest dopant levels 

which may be a good candidate for the p-type doping. In the group VII elements doping, halogen 

will introduce n-type doping and form dopant states close to the conduction band minimum 

(CBM). Among group VII dopants, Cl, Br, and I doping will generate relatively shallow levels. 
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Figure 4.1. The unfolded band structures of (a) pristine monolayer MoS2, (b) N-doped monolayer 

MoS2 and (c) I-doped monolayer MoS2 and their corresponding atomic structures. 6x6 supercell 

of monolayer MoS2 is used and one sulfur atom is replaced by the dopant atom. 

 

Because most of the group V dopants act as acceptors, the unfolded band structures of N-doped 

monolayer MoS2 and its corresponding DOS are calculated at both neutral and negatively charged 

states. Figure 4.2a and b shows that after negative charging, the initial unoccupied spin states are 

occupied, the dopant level is shifted deeper into the band gap which is partly caused by the 

Coulomb repulsion between the spin up and spin down electrons. The total energy of the whole 

system is also slightly increased because of the additional electron. 

Since group VII dopants behave like a donor, the unfolded band structures of I-doped monolayer 

MoS2 and its corresponding DOS are investigated. (Figure 4.2c and 4.2d) In the positively charged 

halogen elements doped monolayer MoS2, the initially occupied spin states are unoccupied and 

the energy of the whole system is reduced because of the removal of the one electron. 

 
Figure 4.2. The unfolded band structure and corresponding density of states (DOS) of 6x6 

monolayer MoS2 doped by N at charge state of (a) q=0 and (b) q=-1. The unfolded band structure 

and DOS of 6x6 monolayer MoS2 doped by I at charge state of (c) q=0 and (d) q=+1. 

 

However, the energy difference between the impurity level shown in the DOS or band structure 

and the valence band maximum (VBM) cannot represent the excitation energy of the impurity 
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states. The charge transition levels are reported to be quantitatively more consistent with 

experimental results which will be discussed in details in the following section. 

4.3 Charge transition levels and charge correction in 2D TMDs 

There have been theoretical studies based on the density functional theory (DFT) calculations to 

investigate the possibility of doping for monolayer TMDs via chalcogen-site substitution and ionic 

adsorption.148,149 These studies estimated the impurity levels from a density of states (DOS) 

analysis, where the energy difference between conduction band edge (valence band edge) and gap 

state is recognized as the binding energy of the electron (hole) for n-type (p-type) doping case. Our 

results are consistent with these previous reports. However, the localized impurity states involving 

a strong charging effect cannot be well represented by the Kohn-Sham (KS) eigenstates with the 

approximated exchange-correlation potential. The binding energy, which is basically the excitation 

energy of bound charge carriers to the band edges of them should be calculated through the total 

energy difference between different charge states of the impurity. Thus, the concept of charge 

transition level (CTL) is proposed, which is defined as the Fermi level position where the 

thermodynamic energy of the charged system and neutral system are equivalent. In 3D bulk 

semiconductors such as Si and GaN, reported CTLs of defects agree well with experimental defect 

levels.150,151 Recently, effects of native defects and metal site substitution for 2D TMDs have been 

investigated based on CTL analysis, which shows good agreement with experimental results.152–

154  

The charge transition level µ (q1/q2) between charge state q1 and q2 is defined as the Fermi level 

(𝜀𝑓)  where the formation energies of these two charge states are equivalent: (𝐸𝑓𝑜𝑟𝑚
𝑖𝑠𝑜 (q1) =
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𝐸𝑓𝑜𝑟𝑚
𝑖𝑠𝑜 (q2). In monolayer MoS2, the formation energy of the defect at charge state of q can be 

calculated by the following formula: 

𝐸𝑓𝑜𝑟𝑚
𝑖𝑠𝑜 (q) = 𝐸𝑡𝑜𝑡

𝑑𝑒𝑓𝑒𝑐𝑡
(𝑞) − 𝐸𝑡𝑜𝑡

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − ∑ 𝑁𝑖𝜇𝑖 + 𝑞(𝜀𝑉𝐵𝑀
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 + 𝐸𝐹𝑒𝑟𝑚𝑖) + 𝐸𝑐𝑜𝑟𝑟          (4.1) 

 

Where 𝐸𝑡𝑜𝑡
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

 is the total energy of a supercell of pristine monolayer MoS2 without a defect, 

𝐸𝑡𝑜𝑡
𝑑𝑒𝑓𝑒𝑐𝑡

(𝑞) is the total energy of a single layer MoS2 containing a defect in the supercell at charge 

state of q (q=0,-1, +1 …), 𝑁𝑖 is the number of i element (Mo, S or dopant atom) added (or removed 

with a minus sign) in the supercell, 𝜇𝑖 is the chemical potential of the element i, q is the charge 

state of the defect, 𝜀𝑉𝐵𝑀
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

 is the valence band maximum (VBM) of the pristine monolayer MoS2, 

𝐸𝐹𝑒𝑟𝑚𝑖 is the Fermi level with reference to the 𝜀𝑉𝐵𝑀
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

 level. 

Because of the finite-size of the supercell we use in the simulation, the interaction between periodic 

images will introduce errors in the total energy of the charged system. Therefore, we applied the 

charge correction scheme for the charged defect in monolayer.153 𝐸𝑐𝑜𝑟𝑟  is the total charge 

correction energy which will now be explained in details. 

The reference chemical potential for S is the orthorhombic bulk energy of sulfur, and for Mo, this 

reference is the energy of monolayer MoS2 minus the S chemical potential. For gaseous dopants 

like N, their reference is the N2 molecule, and for solid phase dopants like As or Sb, the reference 

is the energy of the bulk As or Sb. The 𝐸𝐹𝑒𝑟𝑚𝑖 is ranged from 0 (VBM) to the band gap 1.79 (CBM) 

in our calculations. 𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑀
𝑖𝑠𝑜 − 𝐸𝑀

𝑠𝑢𝑝𝑒𝑟 + 𝑞∆𝑉. The 𝐸𝑐𝑜𝑟𝑟 consists of the correction from the 

electrostatic energy (𝐸𝑀
𝑖𝑠𝑜 − 𝐸𝑀

𝑠𝑢𝑝𝑒𝑟
) and the correction energy from the potential change induced 

by the additional charge (𝑞∆𝑉). By analyzing the charge density difference between q=-1 and q=0 

state of N-doped monolayer MoS2, we found that the additional negative charge is localized on the 
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N site. The averaged charge density difference along the plane and perpendicular to the plane also 

show that the additional charge can be modeled with three-dimensional single Gaussian charge. 

The total energy of the additional charge is calculated by solving the Poison’s equation of the 

three-dimensional single Gaussian charge. This is similar to the charge correction which has been 

implemented for the intrinsic defects like S vacancies.153 The fitting formula for the total energy 

at finite size of 1/  𝛼  can be summarized in the following form: 𝐸𝑓𝑜𝑟𝑚(𝛼) = 𝐸𝑓𝑜𝑟𝑚
𝑖𝑠𝑜 +

∑ 𝑠𝑖 𝛼𝑖⁄ + 𝑡3/𝛼35
𝑖=1 , where t3=-6.84, s1 = −3.85, s2 = 54.11, s3 = −404.62, s4 = 1401.12, and s5 = 

−1851.12. 𝐸𝑐𝑜𝑟𝑟=𝐸𝑓𝑜𝑟𝑚
𝑖𝑠𝑜 − 𝐸𝑓𝑜𝑟𝑚(𝛼) = −(∑ 𝑠𝑖 𝛼𝑖⁄ + 𝑡3/𝛼35

𝑖=1 ) , where 𝛼 is the 1/supercellsize, 

𝛼 = 1/4 is for a 4x4 supercell. The correction energy for each supercell size can be calculated by 

pluging in the corresponding 𝛼. 

Charge transition levels can be calculated by comparing the formation energy of doped MoS2 at 

different charge state. Since our doping simulation is based on 6x6 monolayer MoS2 supercell, the 

correction energy can be calculated by plugging in the 𝛼 = 1/6 . The correction energy is ~0.20 

eV for 6x6 supercell. 

We take the P-substituted MoS2 as an example to investigate the charge transition levels. The 

formation energies of the system with one P impurity at different charge states are calculated by 

using equation 4.1, and the results are shown in Figure 4.3b as a function of Fermi level. As one 

can see, the formation energy of the charged system is linearly dependent on the Fermi level, while 

that of the neutral system remains constant. The Fermi level at the crossing point of the green line 

and the black line is the charge transition level from neutral state to negatively charged state. If the 

Fermi level is increased above this level, the negatively charged system will be energetically 
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favorable. The calculated CTL of P case is 0.54 eV, which is one order of magnitude higher than 

the value calculated from a DOS analysis (viz. 0.04 eV).  

Charge transition levels of the defects have been shown to have a better agreement than regular 

DFT calculation with experimental results in the LiF and GaAs which are characterized by optical 

absorption spectroscopy, deep level transient, and photocapacitance spectroscopies.71,155 

 

 

Figure 4.3. (a) The schematic explanation of the electron excitation (b) The formation energy of 

the doped system at different charge state and the explanation of charge transfer levels. 

4.3.1 Dielectric screening effect and exciton binding energies in 2D and 3D TMDs. 

From the charge transition level result of P-substituted monolayer MoS2, we can find that the defect 

level of the P dopant becomes very deep compared to the KS levels. This may result from the 

reduced dielectric screening and large exciton binding energy in 2D TMDs. 

Before we discuss the detailed dielectric screening effect and exciton binding energies in 2D 

TMDs, the concept of exciton needs to be explained first. An exciton is a bound state of an electron 

and a hole which are attracted to each other by Coulomb force. An exciton can be generated when 

a photon is absorbed by a semiconductor which excites one electron from the valence band into 
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the conduction band leaving a hole in the valence band. The wavefunction of the bound state is 

similar to the hydrogen-like model. For example, in bulk silicon, the ionization energy in hydrogen 

model can be represented as follows: 𝐸𝑑 =
13.6𝑚𝑒

𝜀2𝑚
 where 𝜀  is the dielectric constant in the 

semiconductor and 𝑚𝑒  is the electron effective mass. The binding energy is much smaller than the 

hydrogen molecule and the particle’s size is much smaller than a hydrogen atom. This is because 

of the screening of the Coulomb force by other electrons in the semiconductor (i.e. dielectric 

constant) and the small effective masses of the excited electron and hole. In the bulk MoS2 the 

exciton binding energy is reported to be 0.08 eV156 which is consistent the expectation of the small 

binding energies in the bulk semiconductors. In contrary to the conventional 3D semiconductors, 

however, the ultrathin body of 2D TMDs make them very sensitive to the environmental factors. 

Moreover, the reduced screening and the resulting strong Coulomb interaction further affect the 

interaction between charged particles in the system. In bulk semiconductors, the binding energies 

of hydrogen-like states, such as excitons and impurity levels, are renormalized by the dielectric 

constant and the effective mass of the bulk semiconductors. For a system with the dielectric 

constant ε=15ε0 and effective mass m*=0.4me, the binding energy becomes 1 Ry * 
𝑚∗

𝜀2  ~ 24 meV. 

However, for thin films of the same material surrounded by vacuum, the reduced screening results 

in a binding energy of ~1 eV when the film thickness d is ~6 Å, which decreases rapidly with the 

increase of film thickness (~1/d) up to ~2 nm.157–159 This theoretical prediction is consistent with 

the previous studies that reported huge exciton binding energies of monolayer TMDs compared to 

the conventional 3D bulk semiconductors.33 In the same vein, it can be expected that the impurity 

levels in 2D materials will be also greatly influenced by the reduced screening. It is notable that 
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the binding energy of the impurity state should be within ~0.1 eV for substantial excitation at room 

temperature and thus pronounced doping effects. 

We applied the charge transition level calculation scheme to all the other group V and group VII 

elements and summarized both the CTLs and the KS eigenstates of impurities in Figure 4.4. All 

of the group V and group VII elements are found to be deep level impurities that hardly donate 

(accept) charges to (from) the host MoS2, which is unexpected from the DOS analysis not fully 

accounting the many-body effect. These deep impurity levels with large binding energies are 

consistent with the expected binding energy of impurity state in an ultrathin film. When we employ 

the in-plane dielectric constant ε=15ε0, effective thickness ~ 6 Å,153 and effective mass m*~0.4me
21 

of monolayer MoS2, the resulting binding energy becomes ~1 eV.157 

Another observation in Figure 4.4 is that CTLs of group VII elements (the relative position from 

CBM) are generally deeper than that of group V elements (the relative position from VBM). In the 

hydrogen-like model for a 3D semiconductor or the modified version for an ultrathin film, the 

binding energy is determined by the macroscopic dielectric constant and effective mass of the host 

material. However, our calculation results predict different trends in binding energy for different 

group elements. This may be attributed to the smaller local polarizability of the group VII 

impurities in the charge state of q=+1, i.e. cation, comparing to the group V impurities in the charge 

state of q=-1, i.e. anion.160 At a large distance from the impurity, the screening of Coulomb 

interaction is governed by the macroscopic dielectric constant of the host material, i.e. MoS2. 

However, near the localized impurity, the local polarizability plays an important role.161 The poor 

local polarizability of cationic impurities cannot effectively screen the Coulomb interaction 
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between the impurity nucleus and electron when one electron is bound, which results in generally 

larger binding energies. 

 

Figure 4.4. Impurity levels calculated by the energy difference between Kohn-Sham eigenstates 

are marked by blue bars, and the charge transition levels (CTL) are indicated by orange bars. 

Valence band maximum (VBM) and conduction band minimum (CBM) is marked by the blue 

shaded columns and gray shaded columns, respectively. 

 

It should be emphasized that our prediction on the larger binding energy of impurity states is not 

inconsistent with the experimentally achieved doping in the 2D TMDs. The experiments were 

usually carried out for few-layer TMDs147,162–164 in the vertically stacked configuration, where 

dielectric substrates partially compensate the reduced dielectric screening of 2D materials. 

Previous studies expected renormalization of band gap and exciton binding energy in 2D materials 

due to the environmental dielectric effect.159,165,166 This suggests a novel strategy to continuously 

control impurity levels in 2D materials through the macroscopic dielectric environments and not 
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through the choice of appropriate dopants. This possible controllability of impurity level is 

schematically shown in Figure 4.5, which is unavailable in the conventional 3D semiconductors. 

 

 
 

Figure 4.5. Schematic explanation of the dielectric screening effect in the (a) bulk MoS2 with 

largest dielectric screening (b) free-standing monolayer MoS2 with no dielectric screening, and (c) 

monolayer MoS2 on a dielectric substrate with partial dielectric screening from the substrate. 

4.4 Metal-site substitutional doping in monolayer TMDs 

 

Figure 4.6. Formation energies of different metal-site substituted monolayer MoS2. The formation 

energies for each metal doped system are listed below the element in the simplified periodic table. 
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Following the same scheme with chalcogen-site doping in monolayer MoS2, we have also 

investigated the metal-site doping effect in monolayer MoS2. We first calculated the formation 

energy of various transition metal doped MoS2 by replacing one Mo atom with one transition metal 

atom. The formation energy is calculated by equation 4.1 at q=0, and we used the chemical 

potential of the transition metals with the most stable structure as reference energy. The formation 

energy of these metal-site doped monolayer MoS2 are listed in Figure 4.6 It shows that Ti, Hf, Nb, 

Re exhibits a relatively low formation energy which indicates these substitutional doping sites are 

easier to achieve. 

We also calculated the electronic structures of Nb-doped and Re-doped monolayer MoS2 as 

representative examples. Nb-doped and Re-doped monolayer MoS2 introduce p-type doping and 

n-type doping, respectively. (See Figure 4.7). 

 

Figure 4.7. The schematic atomic configurations and corresponding total density of states of (a) 

Nb-doped monolayer MoS2 and (b) Re-doped monolayer MoS2. One Mo atom is replaced by Nb 

(orange) and Re (blue) atom respectively. 
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4.5 Adsorption Doping of NO2 on 2D WSe2 

Apart from the substitutional doping, another promising doping strategy utilizes surface charge 

transfer by adsorption of external species. We investigated Au and K atom adsorption as 

representatives and calculated their band structures. It shows that Au adsorption only introduces a 

gap state in the band gap while K adsorption can shift the Fermi level into conduction band 

introducing n-type doping. 

 

Figure 4.8. The atomic structure and corresponding band structure of (a) Au-adsorbed monolayer 

MoS2 and (b) K-adsorbed monolayer MoS2. Au atom (dark yellow) and K atom (light blue) atom 

are placed on the surface of the monolayer MoS2 to study their impact on the band structure of 

intrinsic monolayer MoS2. 

 

In addition to the surface atom adsorption, some molecules like NOx are also adopted to introduce 

the p-type doing into few-layer WSe2. An obvious contact resistance reduction is observed 

experimentally.167 To understand the doping effect of NOx on WSe2, we calculated the band 

structures of pristine monolayer WSe2, monolayer WSe2 with NO adsorb at the Se vacancy and 
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monolayer WSe2 with NO2 adsorbed at the Se vacancy. Figure 4.9 shows that the monolayer WSe2 

with NO adsorbed at Se vacancy has a p-type doped band structure with dopant levels very close 

to the valence band edge which can serve as an acceptor to increase the hole carrier concentration. 

This is consistent with the experimentally reduced contact resistance between WSe2 and the metal 

electrode. 

 

Figure 4.9. Ab initio simulation results showing band structure and corresponding simulated model 

of (a) pristine WSe2, (b) WSe2 with NO adsorption in Se vacancy, and (c) WSe2 with NO2 

adsorption in Se vacancy. The red dotted line indicates the Fermi level. Reprinted with permission 

from ref 40. Copyright (2014) American Chemical Society. 

4.6 Conclusions 

We investigated the possibility of substitutional doping of monolayer MoS2 by introducing the 

group V and group VII elements at the chalcogen site. The calculated charge transition levels of 

impurity states are found to be quite deep (~1 eV), which hinders them from being active charge 
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sources for the host material at room temperature. The large binding energy of impurity state is 

the consequence of the reduced dielectric screening in monolayer MoS2, which is the general 

property of 2D semiconductors distinct from the conventional bulk semiconductors. However, 

owing to the ultra-thickness of the 2D material, the physical properties can be easily modified by 

the external perturbations. Especially, environmental dielectric screening has been reported to 

greatly affect electronic properties through the screening of strong Coulomb interaction inside the 

2D materials. This suggests a new approach for engineering the impurity levels in 2D materials, 

and thus the charge carrier densities in the system, through the macroscopic control of well-known 

dielectric substrates. Metal-site doping is also investigated, Nb, Re, Hf, and Ti exhibit lowest 

formation energy. Nb doping and Re doping can introduce p-type doping and n-type doping 

respectively. For the surface adsorption doping, K adsorption can introduce n-type doping while 

Au adsorption only introduces a gap state. NOx adsorption introduces p-type doping in monolayer 

WSe2 which can reduce the contact resistance. 



 

 
 

63 

CHAPTER 5 

CROSS-VALIDATIONS WITH EXPERIMENTS AND CONCLUSIONS 

5.1 Cross-validations with experiments 

In the previous chapters, we have shown our simulations for the atomic and electronic structures 

of intrinsic monolayer TMDs, doped monolayer TMDs, and their heterostructures. However, to 

get further understanding on these issues, cross-validations with the experiments are indispensable. 

Therefore, we did some collaborative studies with experimental groups, and these investigations 

will be discussed in two parts including: possible doping strategies and phase transition in group 

VI ditellurides. 

First, we will discuss two possible doping strategies including substitutional doping and external 

species adsorption doping with our collaborated research. In our DFT calculations, nitrogen is 

shown to introduce p-type doping characteristics in monolayer MoS2.
142 N2 plasma is used by our 

collaborators Angelica Azcatl et al. to introduce nitrogen doping into the monolayer and few-layer 

MoS2. In figure 5.1a, XPS results for as-exfoliated and nitrogen doped MoS2 show that after the 

nitrogen doping, the Fermi level is shifted down providing the evidence of p-type doping. Several 

field effect transistors are fabricated using nitrogen-doped multilayer MoS2 to test their electrical 

performance. Figure 5.1b shows an obvious positive shift of the threshold voltage from the as-

exfoliated MoS2 to the nitrogen-doped MoS2 which is consistent with the expected p-type dopant 

behavior. To investigate the impact of the number of MoS2 layers on the threshold voltage, a figure 

of threshold voltage vs number of layers is plotted for both as-exfoliated MoS2 and nitrogen-doped 

MoS2. Figure 5.1d shows that for as-exfoliated MoS2 the number of layers does not affect the 

subthreshold voltage. However, in the nitrogen-doped MoS2, with the increase of number of layers 
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the subthreshold voltage is reduced. This is consistent with our prediction that higher number of 

layers will strengthen the dielectric screening in MoS2 which may further reduce the impurity 

levels and the threshold voltage. 

 

Figure 5.1. p-type doping effect of nitrogen in MoS2. (a) Energy band diagram for as-exfoliated 

MoS2 and nitrogen-doped MoS2, where the work function (Φ) and the valence band maximum 

(VBM) were acquired from XPS measurements from the secondary electron cutoff energy and the 

valence band edge, respectively. The band gap (Eg) was assumed to be that of bulk MoS2 (1.23 

eV)168 for both cases. The measured Φ and VBM values were employed to estimate the electron 

affinity (χ). All values shown here are in eV units. (b) IDS–VGS characteristics of multilayer 

nitrogen-doped MoS2 FET. (c) Schematic of the back-gated nitrogen doped MoS2 FET on 

Si/SiO2 structure used in this study. (d) Dependence of Vth on the MoS2 layer thickness, lines 

drawn to guide the eye. Reprinted with permission from ref 1. Copyright (2016) American 

Chemical Society. 

 

Another possible doping strategy is the adsorption doping with external species. In chapter 4, we 

have shown that the adsorption of NOx in the Se vacancies of monolayer WSe2, can introduce p-
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type doping. Our collaborators Peida Zhao et al. have fabricated the WSe2-based FET which is 

covalently functionalized by the NOx treatment.167 The electrical performance is measured and 

shows 1000x increase of the on state current which reflects the obvious reduction of contact 

resistance induced by the strong hole doping in WSe2. (See Figure 5.2c) This is consistent with 

our calculation that the NOx adsorption can shift the Fermi level closer to the valence band edge 

inducing more holes in WSe2. 

 

Figure 5.2. (a) Schematic of NOx chemisorption process at the WSe2 bulk and surface. (b) 

Proposed specific NOx chemisorption at the selenium vacancy sites can lead to three distinct 

configurations: (i) WSe2: O, (ii) WSe2: NO2, (iii) WSe2: NO. (c) IDS–VGS of before and after 

NO2 treated devices. Inset: Optical microscopy of fabricated device using Pd/Au contacts; scale 

bar is 2 μm. (d) Initial current drop after doping is attributed to desorption of weakly physisorbed 

NO2. Inset: Drain current change is fitted to a time-dependent Langmuir isotherm desorption 

model vs air exposure time. Dash line represents fitted curve. Reprinted with permission from ref 

3. Copyright (2016) American Chemical Society. 
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Apart from doping strategies, we also performed a cross-validation study on the phase stability in 

the group VI ditellurides. We optimized the model structures of the T’ phase of bulk WTe2 and 

used the optimized structure to do the TEM image simulation.117 We obtained very consistent 

result between the simulated images and the real TEM images which shows the validity of our 

models. (See Figure 5.3) 

 

Figure 5.3. Atomic resolution HAADF-STEM images of CVT grown Td-WTe2 in the (a) [100], 

(b) [010], and (c) [001] orientations. The images were probe-deconvoluted for improved visibility. 

The insets in the red rectangles are the simulated STEM images based on the optimized Td-

WTe2 structure. The corresponding calculated atomic models are inset as well. Reprinted with 

permission from ref 4. Copyright (2016) American Chemical Society. 

To further understand the phase transition in the group VI ditellurides, our collaborators, Hui Zhu 

and Qingxiao Wang et al., have performed in-situ heating experiment for the 2H phase MoTe2 

under the TEM.169 Unexpectedly, they observed another new phase which is Mo6Te6 nanowires 

(NWs). They observed the growth of Mo6Te6 nanowires at the temperature of ~450 Celsius degrees 

forming an interface with the unconverted 2H-MoTe2. (See Figure 5.4e and f) The scanning 

tunneling spectroscopy (STS) measurement is done for the 2H phase region and the nanowire 

region. The STS result in Figure 5.5c shows that in the 2H phase region, the sample shows 

semiconducting characteristics and metallic characteristics in the NWs. This is also confirmed by 

our DFT calculation in Figure 5.5d showing that the bulk NWs are metallic. The appearance of 
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Mo6Te6 NWs may be attributed to the low chemical potential of Te under the ultrahigh vacuum 

conditions in the TEM chamber. 

 

Figure 5.4. The transition and growth of Mo6Te6 NWs from 2H-MoTe2. (a) Schematic of the 

transition from 2H-MoTe2 to Mo6Te6 sub-nanometer-diameter NWs. (b) Large-scale plan-view 

image of Mo6Te6 NW bundles grown on 2H-MoTe2 (0001) surface at T = 450 °C along the 〈11–

20〉 crystallographic directions (red arrows). The inset shows a zoomed-in image of the end of 

one NW bundle, which has a width of ≈ 50 nm. (c) EDS analysis on top of Mo6Te6 NW bundles 

(red dot) and the nearby 2H-MoTe2 region (black dot in the inset panel of B), respectively, showing 

the corresponding Te/Mo ratios of 1.07 (NWs) and 1.87 (2H phase). The Si signals in the EDS 

spectrum come from the underlying SiC supporting film of the heating E-chip. (d) Time sequence 

images of 2H-MoTe2 (0001) show a fast growth of Mo6Te6 NWs along the 2H-MoTe2 〈11–20〉 

directions at 450 °C. (e, f) Time sequence images viewed along the 2H-MoTe2 〈11–20〉 

directions (or Mo6Te6[001]) at 450 °C, showing new Mo6Te6 NWs formed from 2H-MoTe2. All 

STEM images are recorded in high-angle annular dark-field (HAADF) mode. 
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Figure 5.5. In situ XPS and STM observations of the Mo6Te6 NWs formed on top of 2H-MoTe2. 

A) STM image (sample bias, Vb = −0.5 V, and tunneling current, It = 1.5 nA) of the formed 

Mo6Te6 NW networks on top of 2H-MoTe2 upon 450 °C annealing in ultrahigh vacuum for 15 min. 

The inset shows an atomic image of the Mo6Te6 NWs. B) XPS spectra of Te 3d5/2 and Mo 3d doublet 

core-levels of the 2H-MoTe2 crystal before and after the surface formation of Mo6Te6NWs at 450 

°C. The overall surface Te/Mo ratios determined from curve fitting are 2.12 ± 0.02 and 1.54 ± 0.05 

for the initial and 450 °C annealed surfaces, respectively. C) Normalized differential conductive 

dI/dV spectra measured on the initial 2H-MoTe2surface (blue) and the formed Mo6Te6 NWs (dark 

red), respectively, showing corresponding band gaps of ≈ 1.02 and ≈ 0 eV. DFT band diagrams of 

D) single and E) multiple Mo6Te6 NWs; Fermi level is set to zero as a reference. 

Finally, even though it was not a collaboration, our DFT predictions of charge induced phase 

transition in MoTe2 has recently be verified by an experimental work. Ying Wang et al. used the 

ionic liquid gating to introduce electrostatic charge to control the phase transition of monolayer 
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MoTe2 in the field effect transistor.170 Reversible phase transition of monolayer MoTe2 is shown 

by the Raman spectroscopy characterization at different gate biases. 

5.2 Conclusions 

In this dissertation, density functional theory (DFT) based simulation is adopted to conduct a 

systematic study of various monolayer TMDs. By comparing the total energy, we find the most 

stable phases for group IV (the T phase), group V (the H or T phase) and group VI (the H phase) 

monolayer TMDs. Exceptionally, monolayer WTe2 is more stable in the T’ phase. The structure 

of the T’ phase is cross-validated by the TEM images and simulations. A graph of band alignment 

is plotted for the stable monolayer TMDs to give a blueprint for designing the TMDs-based 

electronic devices. Based on the band alignment information, the band realignment in TMD bilayer 

heterostructure is analyzed which gives a foundation to the development of TMD heterostructure 

devices in the future. A formula is developed to predict the band realignment effect in the process 

of stacking two monolayer TMDs.  

Apart from the electronic properties, the phase transition in monolayer WxMo1-xTe2 is also 

investigated. It is found that a phase transition between the T’ phase (semi-metallic) and the H 

phase (semiconducting) is facilitated when x is ~0.333. The introduction of negative charge and 

positive charge can reduce the phase transition barrier and accelerate the phase transition. This 

unique phase transition property can be utilized into the development of electronic phase change 

devices. 

Furthermore, substitutional doping of halogen group elements and nitrogen group elements are 

found to introduce n-type doping and p-type doping respectively. The charge transition levels of 

these dopants are quite deep compared to KS levels in regular DFT calculation which may arise 
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from the reduced dielectric screening in 2D TMDs. N2 plasma doping is implemented to cross-

validate the nitrogen doping effect in the MoS2 and p-type doping characteristics are observed in 

the XPS measurements and electrical characterization.  

In addition to the substitutional doping, NO adsorption doping at the vacancy site of monolayer 

WSe2 also introduces p-type doping which can reduce the contact resistance of WSe2 with metal 

electrodes. 

These fundamental understanding of the electronic structure and phase transition in intrinsic 

monolayer TMDs, doped monolayer TMDs, and their heterostructures can provide many possible 

strategies to engineer the properties of the 2D TMDs and pave the way for the design of 2D TMDs 

based electronic, optoelectronic and photovoltaic devices. 

5.3 Future work 

In Chapter 4, we have investigated the formation energies of different metal-site doping strategies 

for monolayer MoS2. The electronic structures of Nb-doped and Re-doped monolayer MoS2 are 

also studied. Similar to the chalcogen-site doping, because of the reduced dielectric screening and 

large exciton binding energy in 2D TMDs, the charge transition levels of different metal-site doped 

monolayer MoS2 should be investigated. 

In addition to metal-site doping, since the dielectric screening will greatly affect the charge 

transition levels in TMDs and this screening effect will change with the number of TMD layers, it 

is worthy to study the variation of the charge transition levels of doped MoS2 in the bilayer or few-

layer MoS2. 
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