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CHAPTER 1 INTRODUCTION 

Since the first exfoliation of graphene (GR) from graphite using a mechanical 

cleavage method in 2004 by Novoselov and Geim [1], the study of two-dimensional (2D) 

atomically thin layered materials has opened a new era. New materials, device topologies 

and processor architectures have been researched to extend Moore’s law, which 

originated in 1965 when Gordon Moore predicted that the number of transistors on a 

microchip would double every two years [2]. The chip industry had kept up with the law 

for many decades with continuously shrinking dimensions of conventional field-effect 

transistors (FETs). However, in the past decade, the technology scaling trend has started 

to slow down (Figure 1.1) due to the ever-worsening short-channel effects (SCEs) that 

cause high OFF-state leakage currents (IOFF) leading to higher static power consumption.  

 

Figure 1.1: Transistor density in the unit of millions transistors per square millimeter as a 

function of the high-volume manufacturing start year for each technology node [3]. The 

transistor density is calculated based on the transistor density of a 2-input NAND cell 

(NAND2) and a scan flip-flop (SFF) and includes weighting factors that account for 

typical designs: Transistor density = 0.6 x (NAND2 Transistor Count / NAND2 Cell 

Area) + 0.4 x (SFF Transistor Count / SFF Cell Area). The grey dash line is fitted to the 

first three data points. The slowing of Moore’s law is observed at 14 nm and 10 nm nodes 

due to the challenges rose from the ever-worsening short-channel effects. 
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With continued scaling of the device channel length at more advanced technology 

nodes, the device gate loses more controllability over the charge carriers in the channel 

leading to more degradation of the subthreshold slope and the OFF-state leakage behavior. 

New device architectures, such as FinFETs, have been designed to enhance gate 

controllability; however, even FinFETs are nearing their scaling limit. Hence, there is a 

strong demand for new channel materials that allow improved gate controllability at 

ultra-small dimensions. While graphene has remarkable properties (high carrier 

mobilities and thermal conductivity, etc.) and its atomically thin thickness (0.335 nm [4]) 

can allow for excellent gate controllability, the absence of an electronic band gap 

prevents it from being utilized in future logic electronics. A moderate electronic band gap 

is necessary for any material to be used as a transistor channel to ensure sufficient 

ION/IOFF current ratios and acceptable OFF-state leakage current. Although efforts have 

been made to open up an electronic band gap in graphene, the reported band gaps are no 

more than 0.3 eV in most cases [5-10], insufficient for most transistor applications. This 

shortcoming of graphene led to the search for alternative 2D materials, such as black 

phosphorus (BP), transition metal dichalcogenides (TMDCs), and hexagonal boron 

nitride (hBN) covering a wide range of electronic properties. During my PhD study, I 

worked on a variety of 2D material based applications, including graphene quantum 

capacitance based vapor sensors [11-14], molybdenum disulfide (MoS2) based dynamic 

random access memory (DRAM) cells, radiation effect in BP FETs [ 15 , 16 ], and 

molybdenum ditelluride (MoTe2) phase-engineered FETs [17] (Figure 1.2). 
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Figure 1.2: The atomic structures, electrical properties, and applications of the 2D 

materials that I worked on during my PhD study. 

 

1.1 Transition Metal Dichalcogenides 

Among these 2D materials, the family of TMDCs has gained the most attention. 

TMDCs are crystals of the formula MX2, where M is a transition metal atom (such as Mo, 

W, or Re) and X is a chalcogen atom (such as S, Se, or Te). About 40 different layered 

TMDCs exist. Figure 1.3a highlights the transition metals and the three chalcogen 

elements that predominantly crystallize in layered structure [18]. Figure 1.3b is a three-

dimensional (3D) structure of the most widely studied TMDC, MoS2, in a three-layer 

form [19]. TMDCs possess strong intra-layer chalcogen-metal covalent bonds where a 

layer of metal atoms are sandwiched between two chalcogen atomic layers. In the vertical 

direction, layers are connected through a week van der Waals force allowing them to be 

exfoliated into single- or few-layer forms from their bulk crystals [20]. TMDCs have a 

very long history. Their structure was first determined by Linus Pauling in 1923 [21], and 

the first production of ultrathin MoS2 was achieved by Robert Frindt with the use of 
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adhesive tapes in 1963 [22]. It was not until recent years that the study of 2D TMDCs 

gained remarkable growth owing to the development in TMDC synthesis. 

 

Figure 1.3: Chemical composition and 3D crystal structure of TMDCs. (a) The periodic 

table showing the transition metals and the three chalcogen elements that predominantly 

crystallize in layered structure. Reprinted with permission from reference [18]. (b) Three-

dimensional representation of the structure of three-layer MoS2. Single layer is 6.5 Å 

thick. Reprinted with permission from reference [19].  

 

2D TMDCs span the full range of electronic properties including superconducting, 

metallic/semi-metallic, semiconducting, and insulating, thanks to its diverse chemical 

compositions and structural phases. 2D semiconducting (SC) TMDCs are of particular 

interest as they exhibit several superior properties compared to conventional 3D 

semiconductors (Si, Ge, and III-Vs). First, 2D SC TMDCs have a wide range of 

electronic band gaps and diverse band alignments [23, 24]. The predicted band gaps 

range from ~0.5 eV to ~2.5 eV [24]. The band gap increases monotonically as the 

number of layers decreases along with an indirect-to-direct band gap transition. For 

example, MoS2 has an indirect bandgap of ~1.3 eV in bulk form but a direct bandgap of 

~1.8 eV in single-layer form [25, 26]. Second, 2D SC TMDCs have ultra-thin body 

thicknesses enabling enhanced gate control and carrier confinement [27]. 2D SC TMDCs 

can be thinned down to a single layer with a typical thickness of 0.6-0.7 nm (such as 

MoS2 in Figure 1.3b), while silicon can only be scaled down to 4-5 nm. Their ultra-thin 

body thickness allows significant reduction in the scaling length, λ, thus smaller channel 
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lengths. A minimum channel length of 3λ is required to minimize SCEs, such as drain 

induced barrier lowering (DIBL) (Figure 1.4). Third, 2D SC TMDCs have reduced 

degradation in their intrinsic electrical properties at ultra-thin body thickness, such as 

carrier mobility. Due to thickness variation, surface roughness and strain induced by 

lattice mismatch, their carrier mobilities in 3D semiconductors degrade substantially with 

decreasing body thickness in the sub-10 nm regime, while the degradation of mobilities 

in semiconducting 2D TMDCs is much less owing to reduced roughness and lack of 

dangling bonds (Figure 1.5) [28, 29]. These properties make 2D SC TMDCs promising 

alternatives to conventional 3D semiconductors for future scaled low-power and high-

performance electronic applications. 

 

 

Figure 1.4: Schematic cross-section of a typical FET (top) and the corresponding 

conduction band of the channel underneath the gate dielectric (bottom). As channel 

length is reduced, the drain depletion region moves closer to the source deletion region, 

resulting in a lowering of the potential barrier at the source leading to increased injection 

of electrons, known as the drain induced barrier lowering (DIBL) effect. In order to 

mitigate the DIBL effect as well as other short-channel effects, a minimum channel 

length of 3 λ is required, where λ is the scaling length which can be estimated 

as √𝜀𝑐ℎ𝑎𝑛𝑛𝑒𝑙/𝜀𝑜𝑥𝑖𝑑𝑒 ∙ 𝑡𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ∙ 𝑡𝑜𝑥𝑖𝑑𝑒 . 𝜀 and 𝑡 are the permittivity and thickness, 

respectively. 
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Figure 1.5: The field-effect mobilities of various 2D and 3D semiconductors as a function 

of channel thickness. In the sub-10 nm regime, the mobilities of 3D bulk semiconductors 

(black) decrease with thickness to the sixth power (mobility μ ∼ tb
6
), while the mobilities 

of 2D TMDCs (blue) vary little and demonstrate much higher values. Reprinted with 

permission from reference [29]. 

 

Despite these advances, replacement of conventional 3D semiconductors with 2D 

TMDCs faces several challenges including: (1) synthesis of large-scale high-quality films; 

(2) reduction of contact resistance at the metal/TMDC interfaces; (3) integration of high-

quality high-κ top dielectrics; and (4) enhancement of charge carrier mobilities. This 

thesis aims to solve those issues for making high-performance 2D TMDC-based FETs. 

 

1.1.1 Crystal Structure of TMDCs 

2D TMDCs are layered materials in which each unit (MX2) consists of a 

transition metal (M) layer sandwiched between two layers of chalcogen (X) atoms. They 

exist in several structural phases resulting from different coordination spheres of the 

transition metal atoms [ 30 ]. The three common phases are categorized as trigonal 

prismatic (hexagonal, 1H), octahedral (tetragonal, 1T) and the distorted octahedral phase 

(1T′, a.k.a. monoclinic phase), as illustrated in Figure 1.6 [31]. From the side views, 

monolayers of these structural phases can be viewed as different stacking orders of 
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chalcogen-metal-chalcogen atomic planes. The 1H phase has an ABA stacking, in which 

chalcogen atoms on the top and bottom planes are overlapping along z-direction. By 

contrast, the 1T phase has an ABC stacking, in which chalcogen atoms on the top plane 

are rotated by 180 degrees from the chalcogen atoms on the bottom plane. The high-

symmetry 1T structure is unstable, at least in the absence of external stabilizing 

influences, and undergoes a spontaneous lattice distortion to form 1T′ phase [31, 32]. In 

the stable lower-symmetry 1T′ phase, transition metal atoms are shifted in the x-direction 

resulting in the modification of atomic displacement of the chalcogen atoms along the z-

direction [33, 34]. Interestingly, monolayer 2H phase lacks inversion symmetry while 

monolayer 1T′ phase preserves it, allowing the discrimination of two phases using optical 

techniques, such as the second harmonic generation (SHG) and Raman spectroscopy. 

However, the inversion symmetry in 1T′ phase is broken for an even number of layers 

[35]. 

 

Figure 1.6: Atomic structures of monolayer 1H, 1T, and 1T′ MX2. M and X represent a 

transition metal atom and a chalcogen atom, respectively. (a) 1H-MX2 in ABA stacking 

with 𝑝6̅𝑚2 space group. (b) 1T-MX2 in ABC stacking with 𝑝3̅𝑚2 space group. (c) 1T′-

MX2, where the distorted M atoms form 1D zigzag chains (dashed blue line). The unit 

cell is indicated by red rectangles. Reprinted with permission from reference [31]. 
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Group-VI TMDCs in which the transition metal M is Mo or W (including MoS2, 

MoSe2, MoTe2, WS2, WSe2, and WTe2) have received the greatest amount of attention. 

Their thermodynamically stable phase is either the 2H (the prefix ‘2’ refers to a bulk 

stacking mode) or 1T′ phase depending on the chemical composition. K.-A. N. Duerloo 

et al. calculated the equilibrium (stress-free) relative energies of the 2H, 1T, and 1T′ 

phases for all six possible group-VI TMDCs in monolayer form using density functional 

theory (DFT) [32]. The results (Figure 1.7) show that under ambient conditions five out 

of six group-VI TMDCs are thermodynamically stable in the 2H phase, except WTe2 

which is stable in the 1T′ phase, consistent with experimental observation [36]. The 

smallest energy difference between 2H and 1T′ phases among all group-VI TMDCs is 

observed in MoTe2, approximately only 35 meV per unit cell [33]. This small energy 

difference allows the selective synthesis of high-purity 2H and 1T′ MoTe2 and in-situ 

synthesis of their lateral homojunctions using a flux-controlled phase-engineering method 

[37]. More on the flux-controlled method is discussed in Chapter 2. It also allows the 

phase transition between 2H and 1T′ phase (discussed in Chapter 1.5 and Chapter 5). 

 

Figure 1.7: Ground-state energy differences between monolayer 2H, 1T, and 1T′ phases 

of group-VI TMDCs. The energy U is given per formula unit MX2 and is computed at the 

equilibrium lattice parameters. Reprinted with permission from reference [32]. 
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1.1.2 Electronic Band Structure of TMDCs 

Here, I discuss the basic features of the band structures of 2H- and 1T′- MoTe2 as 

a representative of other group-VI TMDCs. The band structure calculations were 

performed using DFT by Javad G. Azadani and Prof. Tony Low at the University of 

Minnesota. Computational details are provided in Appendix B.1. Figure 1.8 shows the 

evolution of the band structure of 2H-MoTe2 calculated using Perdew−Burke−Ernzerhof 

(PBE) / generalized gradient approximation (GGA) with spin-orbit coupling (SOC) upon 

decreasing its thickness from five-layer to monolayer. 2H-MoTe2 is semiconducting with 

a thickness-dependent band gap. The positions of the valence and conduction band edges 

change with decreasing thickness and the indirect band gap turns into a direct band gap in 

single-layer form. The band gap calculated by taking the difference between the 

conduction band minimum (CBM) and the valence band maximum (VBM) increases 

inversely with the thickness (0.73 eV, 0.82 eV, 0.91 eV, and 1.0 eV for quadrilayer, 

trilayer, bilayer, and monolayer, respectively). Overall, the calculated band gaps are 

smaller than the experimentally extracted values because it is well known that DFT 

simulation underestimates the band gap [38]. The SOC induced breaking of the band 

degeneracy is also observed in multi-layer forms. Moreover, the CBM and the VBM of 

the monolayer band structure are located at the two inequivalent high-symmetry points K 

and Kʹ, which correspond to the corners of the hexagonal Brillouin zone, enabling 

potential valleytronics applications [39-41].  

Figure 1.9 shows the evolution of the band structure of 1T′-MoTe2. The band gap 

is closed and the CBM and VBM are overlapped. The states of the conduction band and 

the valence band are not separated completely; therefore 1T′-MoTe2 is semi-metallic. The 
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SOC induced breaking of the band degeneracy points between the valence and 

conduction bands is found to be insufficient to open a band gap [42].  

 

Figure 1.8: Calculated band structures of (a) quadrilayer, (b) trilayer, (c) bilayer, and (d) 

monolayer 2H-MoTe2. The solid arrows indicate the lowest energy transitions. Multi-

layer 2H MoTe2 is characterized by an indirect band gap, while monolayer 2H-MoTe2 is 

a direct band gap semiconductor. The band gap for quadrilayer, trilayer, bilayer, and 

monolayer is 0.73 eV, 0.82 eV, 0.91 eV, and 1.0 eV, respectively. The calculations were 

performed by Javad G. Azadani and Prof. Tony Low at the University of Minnesota. 

 

 

Figure 1.9: Calculated band structures of (a) quadrilayer, (b) trilayer, (c) bilayer, and (d) 

monolayer 1T′-MoTe2. Multi-layer and monolayer 1T′-MoTe2 are semi-conducting. SOC 

induces breaking of the band degeneracy points between the valence and conduction 

bands, but it is insufficient to open a band gap. The calculations were performed by Javad 

G. Azadani and Prof. Tony Low at the University of Minnesota. 
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1.2 Synthesis and Transfer of TMDCs 

One of the major challenges that limit the application of 2D TMDCs for future 

high-performance electronics is the synthesis of wafer-scale high-quality films. In general, 

single- or few-layer TMDCs can be synthesized through two complementary strategies: 

the top-down and bottom-up approaches. The top-down approaches involve applying a 

peeling force to cleave thin layers from bulk crystals via mechanical exfoliation [43, 44, 

45, 46], liquid sonication [47], chemical intercalation [48, 49], etc. or thinning down 

thicker films via layer-by-layer etching [50-52]. The bottom-up approaches, conversely, 

involve assembly of TMDCs atom-by-atom or molecule-by-molecule via the direct 

reaction of M
n+

 and nX
2-

 ions that are formed from precursors containing metal M and 

chalcogen X elements, such as molecular beam epitaxy (MBE) [53, 54], chemical vapor 

deposition (CVD) [ 55 - 62 ], metal-organic CVD (MOCVD) [ 63 , 64 ], atomic layer 

deposition (ALD) [65-68], etc.  

This chapter reviews the most popular top-down and bottom-up approaches for 

synthesizing 2D TMDCs, namely mechanical exfoliation and CVD. Methods for 

transferring the exfoliated flakes or as-grown films onto target substrates for device 

fabrications are also discussed. 

   

1.2.1 Mechanical Exfoliation 

In most fundamental studies, 2D TMDCs are obtained from mechanical 

exfoliation because exfoliation only requires a bulk crystal and commercial adhesive tape 

(e.g. 3M Scotch brand tape or “blue” tape) and produces high-purity flakes. The adhesion 

between the tape and the basal plane of the crystal is stronger than the weak interlayer 
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van der Waals forces, allowing for the cleavage of very thin flakes. Exfoliation can be 

performed when the crystal or thick flake is sandwiched by a folded tape, which is then 

peeled apart to obtain thinner flakes (Figure 1.10). Repeating this process on the freshly 

peeled flakes can lead to single- or few-layer nanosheets that can then be transferred onto 

a target substrate (quartz, SiO2/Si, etc) for device fabrication using a 

polydimethylsiloxane (PDMS) dry transfer method (Figure 1.11) [69]. Vertical TMDC 

heterostructures can be created by transferring one TMDC over another using the same 

transfer method [70, 71]. 

 

Figure 1.10: An illustrative procedure of the Scotch-tape based mechanical exfoliation. 

At the end, exfoliated flakes on the tap are transferred on a PDMS stamp on a glass slide. 

 
 

Figure 1.11: The procedure of the PDMS dry transfer method. (a) The flake is transferred 

onto a PDMS stamp on a glass slide. (b) The slide is then attached to a micromanipulator 

(black). (c) The flake is aligned with the final substrate using a microscope. (d) The 

PDMS stamp and the substrate are brought in contact. (e) The PDMS stamp is slowly 

peeled off. (f) The flake is transferred onto the substrate due to a stronger adhesion force 

with the substrate. 
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Although this method produces high-quality flakes, the flake sizes are usually 

10’s of microns or less and the flake surfaces are not uniform, typically containing 

numerous regions with different thickness. Substantial residues from tape and PDMS are 

also found to occur on TMDC surfaces [72, 73]. These issues make the mechanical 

exfoliation impractical as a scalable method for mass production. In an effort to improve 

the scalability of mechanical exfoliation, many strategies have been developed [74, 75, 

76]. Notably, M. Velický et al. reported a facile gold-assisted mechanical exfoliation of 

extraordinarily large monolayer MoS2, up to a centimeter size, limited only by bulk 

crystal sizes [75], but the etchant used to remove Au might induce defects in TMDCs. 

 

1.2.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is one of the most practical methods to obtain 

large-area single-phase TMDCs, as well as create vertical and lateral heterostructures. 

The CVD method can be classified into two categories: (1) the single vapor method (a.k.a. 

metal-sulfurization method) involving the thermal reaction of transition metal (M) thin 

films deposited on the substrates in a chalcogen (X) vapor environment, and (2) the 

double vapor method involving the co-evaporation of transition metal oxide (MO3) and 

element chalcogen followed by the formation of TMDC films over the substrates by 

vapor phase reaction. Both methods are carried out under thermal treatment (300-700 
o
C) 

inside a furnace with inert gases. The process of forming TMDCs depends on the 

properties of the substrates (such as lattice parameter and surface energy), temperature, 

and atomic gas flux [34, 77, 78].  
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In the single vapor method, transition metals are deposited on the substrates and 

subsequently converted into TMDC layers by thermal reaction with chalcogen vapor 

(Figure 1.12a [34, 61]).   

M(s) + 2X(g)  MX2(s)       (1. 1) 

The TMDC films grown by this method are usually large-scale continuous films 

that can cover the entire area where the metals are deposited, but they are often found to 

be polycrystalline with small grains and defects [60, 61, 62]. It is also difficult to 

systematically control wafer-scale thickness and uniformity. 

In the double vapor method, transition metal oxide MO3 is initially reduced into a 

sub oxide MO3-x, which then reacts with vaporized chalcogen X to form a 2D layered 

MX2 film (Figure 1.12b [55]).  

MO3(s) + X(g)  MO3-x(s) + XOx(g)      (1. 2) 

MO3-x(s) + X(g)  MX2(s)       (1. 3) 

Metal oxides are chosen as they are cheap and have relatively low melting and 

evaporation temperatures [56]. This method generally forms randomly distributed MX2 

domains (such as triangular flakes), rather than large-scale continuous films [55-59]. 

CVD-grown 2D TMDC films can be transferred onto target substrates using the 

PDMS dry transfer method (Figure 1.11), and wet transfer methods with the assistance of 

polymers such as polymethyl methacrylate (PMMA) (Figure 1.13) [79-81] or polystyrene 

(PS) [82]. 
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Figure 1.12: Two CVD methods: (a) the single vapor method and (b) the double vapor 

method. (a) Large area growth of 2–3 layers of MoS2 using Mo seed layer sulfurized in a 

CVD furnace. Reprinted with permission from reference [34]. (b) Schematic of the 

synthesis of monolayer MoSe2 using the co-evaporation MoO3 and Se. Se pellets and 

MoO3 powder are positioned in the same ceramic boat at the center of the tube furnace. 

(c, d) Typical optical images of monolayer triangles and emerged continuous films. 

Reprinted with permission from reference [55]. Copyright (2014) American Chemical 

Society.  

 

 

Figure 1.13: Schematic of the wet transfer method with PMMA. The SiO2/Si substrate 

with TMDC flakes is coated with a thin layer of PMMA then submerged in BOE or KOH 

to remove the SiO2. Once fully detached from the substrate, the film is transferred into DI 

water then picked up with the target substrate. The target substrate with the transferred 

film is baked or blown dry and then soaked in Acetone to remove PMMA. 

 

1.3 Properties and Applications of TMDCs 

The diverse chemical compositions and structural phases of 2D TMDCs result in a 

wide range of properties, making them promising materials for various applications such 

as nanoelectronics, nanophotonics, optoelectronics, flexible electronics, energy storage 

devices, various sensors, catalysis, spin- and valleytronics. This chapter extends the 
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discussion of the properties of 2D SC TMDCs in Chapter 1.1 and highlights several 

practical applications.  

First, as discussed in Chapter 1.1, most 2D SC TMDCs have a sizable band gap 

larger than that of silicon (1.1 eV). The theoretically predicted mobility is also very high, 

up to 1,000 cm
2
 V

−1
 s

−1
 at room temperature [83, 84, 85]. However, the experimental 

mobility is limited by disorder, the presence of scattering sources, and large contact 

resistance. With mobility engineering and process optimization such as the choice of 

appropriate substrates and metal contacts, mobility of a few hundred cm
2
 V

−1
 s

−1
 has been 

achieved [19, 86]. For example, B. Radisavljevic et al. demonstrated a room-temperature 

mobility of 200 cm
2
 V

−1
 s

−1
 in single-layer exfoliated MoS2 with HfO2 top-gate dielectric 

[19]. S. Das et al. reported a room-temperature mobility of 700 cm
2
 V

−1
 s

−1
 in 10-nm-

thick exfoliated MoS2 flake with scandium contacts and Al2O3 encapsulation [86]. The 

large band gap ensures low OFF-state leakage current and large mobility ensures high 

ON-state drive current. Hence, TMDC-based FETs exhibit high current ION/IOFF ratio 

(Figure 1.14). I have fabricated FETs based on 10-nm-thick exfoliated MoS2 flakes on 

300 nm SiO2/Si substrates. Even gated through the 300 nm SiO2 dielectric, the devices 

exhibit room-temperature current ION/IOFF ratios up to 10
8
 and high drive currents in the 

µA/µm range (Figure 1.15). 

Second, 2D SC TMDCs have larger effective masses in comparison with silicon. 

For example, MoS2 has effective mass 𝑚∗  ~0.5𝑚0  for both electrons and holes [87], 

where 𝑚0 is the free electron mass, while silicon has tunneling-relevant 𝑚∗ ~0.2𝑚0 [88]. 

For this reason, combined with its large band gap and ultra-thin body thickness, short-

channel effects (such as gate-induced drain leakage, GIDL, and drain-induced barrier 
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lowering, DIBL) are expected to be substantially suppressed in MoS2, making it suitable 

for extremely low-power applications. I have demonstrated MoS2 based dynamic 

memory random access (DRAM) cells in two-transistor (2T) grain-cell configuration 

(Figure 1.6a). The current leakage from the access transistor is largely reduced by using 

MoS2 as the channel material. Under certain bias conditions, the device can achieve a 

retention time up to ~ 1 s, far more than the required retention time for DRAM cells (64 

ms [89]), corresponding to a leakage current as low as a few fA/µm, far below the noise 

floor of conventional DC measurements (Figure 1.6b).  

 

 

Figure 1.14: (a) Energy band diagram along the channel of a FET in the OFF state and (b) 

drain current (I
D
) in log scale as a function of gate-to-source voltage (V

GS
) for small and 

large energy band gaps (E
g
). The OFF-state current (I

OFF
), such as band-to-band tunneling 

(BTBT) current (I
BTBT

), is proportional to exp(-E
g
/mk

B
T) where m is a factor of 2 or 

larger depending on the transistor design, k
B
 is the Boltzmann constant, and T is the 

temperature. Larger E
g
 suppresses I

OFF.
 The ON-state current (I

ON
) is proportional to 

carrier mobility 𝜇. Thus, current I
ON

/I
OFF

 ratio follows 𝜇 exp(E
g
/mk

B
T). Hence, larger E

g
 

and 𝜇 lead to higher current I
ON

/I
OFF

 ratio. 
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Figure 1.15: (a) Transfer and (b) output characteristics of a MoS2 FET under substrate 

gating (300 nm SiO2) under different bias conditions. The device has a gate length of 2 

um and width of 3.5 um. The thickness of the exfoliated MoS2 flake is ~ 10 nm. VDS is 

the drain-to-source voltage and VBG is the voltage applied at the back substrate. 

 

 

Figure 1.16: (a) Schematic of a DRAM cell in the two-transistor (2T) grain-cell 

configuration. WBL, WWL, RBL, and RWL stand for write bitline, write wordline, read 

bitline, and read wordline, respectively. NW and NS are the n-type write and read access 

transistor, respectively. The arrows represent various leakage currents when the storage 

node is at logic ‘1’. (b) Retention time and corresponding leakage current of a MoS2 

based 2T DRAM cell in the hold mode as a function of WWL voltage. The inset is an 

optical image of the device. The scale bar is 5 μm. 

 

Third, 2D SC TMDCs are promising electrode materials for energy storage, such as 

Li-ion batteries and supercapacitors, because (1) their large interlayer spacing (0.6-0.7 

nm) allows for Li
+
/Na

+
 intercalation, (2) high surface to volume ratio provides large 
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capacity for storing Li
+
/Na

+
, and (3) excellent conductivity facilitates the transport of 

electrons [90, 91]. K. Chang et al. developed nanostructured MoS2-graphene composites 

that exhibit extraordinary capacity, up to 1300 mA hg
−1

, and excellent rate capability and 

cycling stability as an anode material for Li-ion batteries [92].  

Moreover, 2D SC TMDCs outperform traditional semiconductors (such as organic 

materials) for flexible electronics as they can afford both high electronic performance and 

high mechanical flexibility, and have the ability to be transferred onto arbitrarily large 

substrates. The Young’s modulus of MoS2 is extremely high (E = 0.33 TPa), comparable 

to that of graphene oxide [93]. H.-Y. Chang et al. demonstrated flexible CVD-grown 

MoS2 thin film transistors (TFTs) with intrinsic transit frequencies of 5.6 GHz and 

maximum oscillation frequencies of 3.3 GHz [94]. The devices were mechanically robust 

for 10,000 bending cycles. 

 

1.4 Contact Engineering in TMDCs Based FETs 

Although TMDCs based FETs have shown better subthreshold behaviors and less 

OFF-state leakage compared to that of silicon and III-V semiconductors based FETs, the 

large contact resistance at the metal/TMDC interface limits their drive current for high-

performance applications. The contact resistance becomes more dominant while the 

channel resistance quickly decreases as the device dimension shrinks at more advanced 

technology nodes. The typical experimental contact resistance of TMDCs based FETs are 

on the order of kΩ·μm to MΩ·μm [95]. However, the theoretical quantum limit of the 

contact resistance, 𝑅𝑐 , is determined by the number of conducting modes within the 

semiconducting channel, which is related to the 2D charge carrier density, 𝑛2𝐷 , as 
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𝑅𝑐𝑊~ℎ/2𝑒2𝑘𝐹~0.026/√𝑛2𝐷 kΩ·μm [96, 97], where 𝑊 is the width of the channel, ℎ is 

Planck’s constant, 𝑒 is the electron charge, 𝑘𝐹 is the Fermi wavevector, and 𝑛2𝐷 is in the 

units of 10
13

 m
−2

. Figure 1.17 depicts this quantum limit for various conventional 

crystalline semiconductors [98]. For TMDCs with a sheet electron density of 10
13

 m
−2

, 

the predicted minimum contact resistance is 0.026 kΩ·μm, which is well below the 

projected maximum allowable contact resistances for high-performance multiple-gate 

FET technology (0.08 kΩ·μm) as per the ITRS requirements for the year 2026 [99]. 

Hence, there is a need to improve the metal/TMDC contact resistance, making it highly 

desirable to understand the nature of the electronic contact between metals and TMDCs 

and find effective solutions to lower the contact resistance. This chapter discusses the 

major challenges to achieving low contact resistance in TMDCs based FETs. 

 

Figure 1.17: Contact resistances against the quantum limits for various semiconductor 

materials: graphene (GR), InGaAs, Si, GaN and TMDC with metal contacts. Reproduced 

with permission from reference [98]. 
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1.4.1 Contact Topology 

There are two fundamental contact topologies between bulk metals and 2D 

TMDCs: top contact (Figure 1.18a) and edge contact (Figure 1.18b). It has been shown 

that edge contacts can lead to much better charge injections than top contacts thanks to 

the stronger hybridization (orbital overlapping) and the reduction of tunnel barriers at the 

edge surface [100-104]. However, because close proximity is required, it is difficult to 

realize pure metal edge contacts (e.g. without interfacial voids), especially to thicker 

TMDCs using conventional lithographic techniques. In most situations, metal contacts to 

TMDCs are in the top-contacted topology or a combination of the top-contacted and 

edge-contacted topologies (Figure 1.18c). In the combined configuration, contribution 

from the top surface to the resistance is greater than that from the edge surface due to the 

large surface-area-to-edge-area ratio. Therefore, it is more important to optimize the 

contact resistance from the top surface. 

 

 

Figure 1.18: Contact topologies between bulk metals and 2D TMDCs. (a) top contact, (b) 

edge contact, and (c) combined contact. 

 

The high contact resistance from the top surface is mainly due to two factors: (i) 

large Schottky barrier height (SBH) resulting from strong Fermi-level pinning (FLP) [101, 

105-108], and (ii) existence of a van der Waals (vdW) gap [101, 106, 109] at the 

metal/TMDC interfaces. The high contact resistance results in a long transfer length 
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causing a increase in contact resistance while scaling the contact length [110-112]. The 

following sections discuss each term in detail. 

 

1.4.2 Schottky Barrier (SB) 

In bulk metal/2D TMDC top contacts, work function difference between the 

contact metals and underneath 2D TMDCs results in a Schottky barrier (SB) that reduces 

the charge injection from metals into the device channel leading to non-Ohmic contacts, 

just like in bulk metal/3D conventional semiconductor contacts (Figure 1.19a) [113]. The 

SBH is enlarged due to TMDCs’ wide bandgaps and strong FLP effects at the 

metal/TMDC interface (discussed in Chapter 1.4.3) leading to large contact resistance 

and performance degradation [105, 106].  

Many methods have been used to extract the Schottky barrier height (SBH) in 2D 

TMDCs. The most popular approach is to extract the SBH from the activation energy in 

the thermionic regime. The SBH at the reverse-biased contact of a FET (e.g. source 

contact of an n-type FET) causes most of the voltage drop. The current injected through 

the reverse-biased SB, ID, can be modeled using the thermionic emission equation [114-

117], as shown below (where typical units are given for the relevant parameters):  

𝐼𝐷 = 𝐴∗∗𝑇𝛼𝑒
[−

1

𝑘𝐵𝑇
(Փ𝑆𝐵−

𝑞𝑉𝐷𝑆
𝜂

)]
       (1. 4) 

where A
**

 is the effective Richardson constant (A/K
α
) which can be derived for 3D and 

2D semiconductors, T is the temperature (K), α is an exponent equal to 2 for 3D 

semiconductors and 1.5 for 2D semiconductors [118, 119], kB is Boltzmann’s constant 

(eV/K), ՓSB is the effective Schottky barrier height for holes (eV), qVDS is the product of 

the electronic charge and drain-to-source voltage (eV), and η is the ideality factor 
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accounting for barrier lowering due to image charges. The term (ՓSB – qVDS/η) is the 

activation energy, 𝐸𝐴. 𝐸𝐴 at a fixed gate voltage (VGS) is extracted from the slope of an 

Arrhenius plot, where ln(ID/T
α
) is plotted vs. 1/kBT, at different values of VDS (Figure 

1.19b). The activation energy at zero VDS, which is the SBH, is linearly extrapolated from 

the plot of activation energies vs. VDS (Figure 1.19c). The flat-band SBH under the flat-

band condition (VDS = VFB) can be extracted from the plot of SBH vs. VGS (Figure 1.19d). 

The SBH can also be extracted in the thermionic field emission regime [120, 121] or 

through ultraviolet and X-ray photoelectron spectroscopy [122-125], etc. 

 

 

Figure 1.19: Schottky Barrier Band Diagram and Extraction. (a) Band diagram of a bulk 

metal/2D TMDC interface without van der Waals gap. The red arrows (from top to 

bottom) represent the different injection mechanisms: thermionic emission, thermionic 

field emission and field emission (tunneling). (b) The Arrhenius plot for different VDS 

values at a given VGS. The slope is -𝐸𝐴  = -(ՓSB – qVDS/η). (c) Activation energy 𝐸𝐴 

extracted from (b) vs. VDS. The y-intercept is when 𝐸𝐴 = ՓSB for the given VGS. (d) ՓSB 

vs. VGS. The flat-band Schottky barrier, ՓSB0, can be extracted from the point where 𝐸𝐴 

stops depending linearly on VGS. 
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The most intuitive approach to lower SBH is through work function engineering 

of the contact metals. Metals with Fermi level closer to the CBE of TMDCs can be 

chosen to reduce the SBH for electron injection whereas metals with Fermi level closer to 

the VBE of TMDCs can be used to lower the SBH for hole injection. This is known as 

the Schottky-Mott rule, which states that the SBH is the difference between the metal’s 

work function and the semiconductor’s electron affinity [109, 118, 126]. In reality, 

however, this approach would not work well due to the presence of interfacial energy 

states in the band gaps of TMDCs that pin the metal’s work function (a.k.a FLP effects). 

A more effective strategy would be to degenerately dope source/drain contact regions 

causing a large band-bending in TMDCs leading to a significant reduction of the SBH 

and Schottky barrier width (SBW), thus a higher carrier tunneling probability. In 

conventional CMOS technology, substitutional doping (e.g. ion implantation) is 

commonly used to degenerately dope source/drain regions of MOSFETs to realize Ohmic 

n- and p-type contacts; however, this has been found to cause surface damage [127-131]. 

The thin nature of 2D TMDCs makes them more vulnerable to ion implantation as it is 

much easier to induce a significant amount of surface damage, interface traps and 

impurities, and etching of the TMDC layers. Promisingly, several substitutional n- and p-

type doping of TMDCs have been achieved by incorporating dopant atoms to replace 

either cation and anion during the bottom-up synthetic growth process (e.g. CVD) or 

during chemical immersion [132-140]. Substitutional n-type/p-type doping have been 

demonstrated by replacing the Mo cations with rhenium (Re) /niobium (Nb) atoms [132-

137] wherein the Re/Nb atoms act as electron donors/acceptors because Re/Nb has one 

more/less valence electron than the Mo atoms. H.-J. Chuang et al. obtained degenerately 
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p-doped MoS2 by substitutional doping of MoS2 using Nb during the chemical vapor 

transport process and then used the mechanical exfoliation method to transfer the 

degenerately p-doped MoS2 and undoped MoS2 to form a vertical heterostructure 

contacts that exhibit low contact resistance of ~0.3 kΩ·μm [136]. Substitutional n-type/p-

type doping has also been achieved by replacing the S anions with chlorine (Cl)/nitrogen 

(N) atoms wherein the Cl/N atoms act as electron donors/acceptors because Cl/N has one 

more/less valence electron than the S atoms [138-140]. L. Yang et al. reported a chloride 

molecular doping technique wherein the Cl atoms occupy the sulfur vacancy sites in 

MoS2 and WS2, achieving contact resistance as low as 0.5 kΩ·μm [138]. 

Other strategies that have been employed to induce n-type or p-type doping 

include: (i) surface charge transfer doping via adsorption or encapsulation of “donor” or 

“acceptor” species, such as chemical reagents and sub-stoichiometric high-κ oxides (due 

to interfacial oxygen vacancies). N-type charge transfer doping has been achieved using 

benzyl viologen [141], TiOx [142], MoOx [143]. HfOx [144], AlOx [145], poly(vinyl-

alcohol) [146], etc, while p-type charge transfer doping has been realized using AuCl3 

[147], wide band-gap n-type InGaZnO [148], etc; (ii) phase engineering via chemical 

doping [95]; and (iii) electrostatic doping via ionic electrolyte gating [149-152].  

 

1.4.3 Fermi-Level Pinning (FLP) 

The possible origin of FLP has been ascribed to many causes: (i) intrinsic defects 

(such as transition metal or chalcogen vacancies) and elemental impurities introduce mid-

gap states that pin the metal’s Fermi level [153-155]; (ii) a result of two simultaneous 

interface behaviors: first by a modification of the metal’s work function by interface 
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dipole formation due to the charge redistribution at the interface, and second by the 

formation of mid-gap states originating from transition metal 𝑑 orbitals, that result from 

the weakening of the intralayer transition metal-chalcogen bonding due to the interfacial 

contact metal-chalcogen interaction [101, 107, 156, 157], etc. We collaborated with R. 

Wu et al. to study the structure of the Ti/MoS2 interface. Ti/Au contacts were first made 

to few-layer MoS2 films using high-vacuum electron beam evaporation (EBE) and then 

cross-sectional annular dark-field (ADF)-scanning transmission electron microscopy 

(STEM) were used to elucidate the interface. The results are shown in Figure 1.20 [157]. 

The high-magnification ADF-STEM results (Figure 1.20c) showed that along the Ti-

MoS2 interface, there are areas where the Ti contacts the MoS2 and alters the structure of 

the topmost layer and areas where small void pockets (similar to vdW gaps) are visible, 

leaving the topmost MoS2 layer pristine. In the altered regions, Ti atoms tend to not only 

bond but also cluster on the MoS2 surface. The presence of Ti atoms in deeper MoS2 

layers was also observed (Figure 1.20e). The formation of clusters and the penetration of 

Ti atoms into deeper MoS2 layers degrade the crystal structure of MoS2 leading to many 

localized mid-gap states.  

DFT simulation suggested that mid-gap states can be reduced by using metals 

possessing a low affinity for the chalcogen atoms (such as Au or In) or their alloys 

(Figure 1.21 [157]), but the resulting interface is more likely to be a vdW type. Due to 

those localized mid-gap states, FLP leads to fixed SBHs, independent or weakly 

dependent on the metal’s work function for many metal/TMDC contacts, which has been 

reported theoretically and experimentally [108]. This effect prevents the SBH from being 
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reduced by selecting metals with work function closer to CBE/VBE of the TMDCs (a.k.a. 

work function engineering, discussed in Chapter 1.4.2)  

 

 

Figure 1.20: Cross-sectional ADF-STEM image of the Ti/MoS2 interface. (a) Low-

magnification cross-sectional ADF-STEM image of the FET. The protective amorphous 

C/Pt layers are also visible here. Scale bar is 0.2 μm. (b) High-magnification image of the 

Ti-MoS2 interface from the boxed area in (b). An area where Ti is clustered is indicated 

by a yellow arrow and areas with void pockets by white arrows. Scale bar is 2 nm. (c) 

Atomic-resolution ADF-STEM image of the MoS2 layers (left) and EELS S L23 edge 

measured from the layers (right). Scale bar is 5 Å. Measured spectra are shown as scatter 

points and fitted spectra are shown as lines. (d) The fraction of Ti in MoS2 layers. A y = 

erf (x) fit through the data points. The ADF-STEM characterizations were performed by 

Ryan Wu at the University of Minnesota. 

 

Theoretical calculation showed that the interface states, thus the FLP, can be 

eliminated by enlarging the physical separation between the metal and the TMDC [158]. 

Experimentally, this can be achieved by inserting ultra-thin insulating materials, such as 

2D materials (graphene [159, 160] and hBN [161]) and oxides (TiO2 [162-164], MgO 

[114], and Ta2O5 [165]), in-between the metal and the TMDC. This interfacial layer 

minimizes the interaction between the metal and the TMDC responsible for the creation 

of mid-gap states that cause FLP. Once the FLP is mitigated, metals with work function 

closer to CBE/VBE of the TMDC can be used for n-type/p-type carrier injections, 
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respectively. However, one downside of this approach is that the thickness of the 

interfacial layer needs to be carefully controlled. It should be thick enough to suppress 

FLP but also thin enough to ensure a high current tunneling probability (carriers need to 

tunnel through the barrier induced by the interfacial layer) [166, 167]. Besides, inserting 

the interfacial layer increases fabrication complexity. 

 

 

Figure 1.21: The atomic and electronic band structure of monolayer MoS2 with five 

atoms of (a) Ti, (b) Sc, (c) Cu, (d) Au, (e) In, and (f) InAu alloy (3 In atoms and 2 Au 

atoms). The charge densities for all structures are shown in transparent green on the top 

of the corresponding band structure. The CBM and VBM are highlighted by maroon 

colors. The calculations were performed by Sagar Udyavara and Prof. Matthew Neurock 

at the University of Minnesota. 
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1.4.4 van der Waals (vdW) Gap 

Due to a dearth of dangling bonds on the surfaces, high-quality TMDCs, such as 

mechanically exfoliated flakes, do not tend to form covalent bonds with specific metals 

(especially for those having low affinity to chalcogen elements) resulting in a vdW gap at 

the metal/TMDC interface. The vdW gap has been observed experimentally using 

transmission electron microscopy (TEM) [157, 168, 169], as illustrated in Figure 1.22a 

[168]. The vdW gap acts like an additional tunneling barrier in series with the inherent 

Schottky barrier (Figure 1.22b), which makes it more difficult for charge carriers to move 

into the channel, resulting in higher contact resistance [101, 106, 109]. Moreover, this 

issue is more prominent in multi-layer TMDCs because the interlayer vdW gaps act as 

additional resistors. 

 

Figure 1.22: (a) Scanning transmission electron microscopy (STEM) image of an In/Au–

WSe2 interface, showing a clear van der Waals (vdW) gap between WSe2 and In/Au 

metal atoms, and a vdW gap between two WSe2 layers. Reprinted with permission from 

reference [168]. (b) Schematic and corresponding band diagram of a bulk metal/2D 

TMDC interface with vdW gap for a carrier injected from the metal into the 2D TMDC. 

EF, EC and EV represent the Fermi level of the metal, and the conduction and valence 

bands of the 2D TMDC, respectively. ՓTB and ՓSB indicate the tunnel barrier (introduced 

by the vdW gap) and Schottky barrier heights, respectively. 
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One approach to avoid this vdW gap is using contact metals that can form 

covalent bonding or hybridize with the underlying TMDC surface to form a more 

intimate contact interface [103]. Contact metals having a lower lattice mismatch with 

TMDCs can result in strong hybridization by maximizing orbital overlapping (covalent 

bonding) between the contact metal and the chalcogen atoms. Strong hybridization can 

also be induced by metals having 𝑑 orbital electrons as they allow for a higher degree of 

orbital overlapping with the 𝑑 orbital of the transition metals in TMDCs; for example 

Ti/Mo/W for MoS2 [101, 103, 170, 171] and Pd/Mo/W for WSe2 [101, 103]. However, 

theory [101] and experiment [157] have shown that strong hybridization can lead to FLP, 

which might result in a larger SBH. 

Another approach to overcome this vdW gap could be to make edge contacts to 

TMDCs. Due to the presence of unsaturated bonds, edges of TMDCs (made up of 

transition metal 𝑑 orbitals) are more chemically active so they can form stronger bonding 

with the contact metals, thus minimizing the tunnel barrier induced by the vdW gap [101, 

103]. Edge contacts also reduce the overall contact volume and area enabling ultimate 

scalability. Moreover, this approach is particularly effective for multi-layer TMDCs 

based FETs as each individual layer can be independently contacted from the sides 

allowing for simultaneous lateral carrier injections, eliminating the interlayer resistances 

associated with the vertical carrier injections across the interlayer vdW gaps [172, 173]. 

Due to the difficulty in forming metal edge contacts, edge contacts directly formed 

between metallic and semiconducting TMDCs (TMDC edge contacts) have been 

investigated via phase engineering (discussed in Chapter 1.5). R. Kappera et al. reported 

a formation of MoS2 edge contacts by converting the semiconducting MoS2 in the contact 
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regions into its metallic phase via Li ion intercalation [95]. S. Cho et al. created 2H/1T′ 

MoTe2 edge contacts using laser irradiation [174]. However, those methods showed 

damage or etching to TMDCs. I demonstrated a MoTe2 FET with low contact resistance 

(less than 0.5 kΩ·μm) based on 2H/1T′ MoTe2 edge contacts [17] that are formed through 

a phase-selective synthesis process [37]. This synthesis process is also facile and practical 

for making other TMDC edge contacts. More on the synthesis and material and electrical 

characterizations of the CVD-grown lateral MoTe2 edge contacts is discussed in Chapter 

2-4. 

 

1.4.5 Transfer Length 

“Current crowding” is a well-known effect in silicon [175, 176] and 2D material 

devices [177, 112]. It occurs as the current transfers between metals and underneath 

semiconductors over a finite length, leading to a non-uniform current density that is 

higher at the edge of the metal contact and decreases exponentially to zero deeper into the 

contact [178]. The length from the edge of the contacts to where the current drops to 1/𝑒 

of the current value at the edge is defined as the transfer length, 𝐿𝑇, where 𝑒 is the base of 

the natural logarithm. As the majority of the injected carriers are scattered many times 

before entering the channel, this effect can be modeled as a resistor network ([179, 180]), 

as illustrated in Figure 1.23.  
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Figure 1.23: Transmission line model of the resistor network near the contact edge. The 

arrows depict the current density. ρc is the specific contact resistivity at the metal/TMDC 

interface. ρs,contact and ρs,channel are the sheet resistivity under the contact and in the 

channel, respectively. 

 

Due to the large contact resistance at the metal/TMDC interface, the 𝐿𝑇 values in 

metal/TMDC contacts are often long. H. Liu et al. reported a 600 nm 𝐿𝑇 for monolayer 

MoS2 with Ti/Au contacts [177] and Y. Guo et al. reported a 218 nm 𝐿𝑇 for five-layer 

MoS2 with Au contacts [112]. The contact length, 𝐿𝐶, shrinks with continued scaling of 

the channel length. However, shrinking the channel length decreases channel resistance, 

while shrinking 𝐿𝐶  increases 𝑅𝐶  if 𝐿𝑇  is long. For short 𝐿𝑇  (𝐿𝐶 ≫ 𝐿𝑇 ), 𝑅𝐶 = √𝜌𝐶𝑅𝑆  is 

independent of 𝐿𝐶 , where 𝜌𝐶  is the specific contact resistivity. For long 𝐿𝑇 (𝐿𝐶 ≪ 𝐿𝑇), 

𝑅𝐶 = 𝜌𝐶 𝐿𝐶⁄  increases with decreasing 𝐿𝐶 [109, 180]. Therefore, for future scaled FETs 

based on 2D TMDCs, it is extremely important to minimize 𝐿𝑇 to mitigate the effect of 

contact scaling. As 𝐿𝑇 = √𝜌𝐶 𝑅𝑆⁄  where 𝑅𝑆  is the sheet resistance of the channel 

semiconductor, to minimize 𝐿𝑇 is to minimize 𝜌𝐶. Hence, the solutions for eliminating 

the SBH, the vdW-induced tunnel barrier, and the FLP effects should all result in shorter 

transfer length. Particularly, lateral edge contacts made of metallic-semiconducting 

TMDC junctions (Figure 1.24) could be the ultimate solution for all the aforementioned 
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issues, as it offers several advantages: (i) no hybridization (FLP effects) at the lateral 

TMDC interface and the contact metal/metallic TMDC interface; (ii) metallic TMDCs 

with a Fermi level close to the conduction band or valence band of semiconducting 

TMDCs can be chosen to lower SBH; (iii) edge contacts to each individual channel layer 

allowing for lateral carrier injections, thus eliminating interlayer vdW gaps associated 

resistance; and (iv) the high conductivity of metallic TMDCs results in a small specific 

contact resistivity, hence a small transfer length. 

 

 

Figure 1.24: Lateral 2D edge contacts made of metallic-semiconducting (1T′-2H) TMDC 

junctions. It eliminates the SBH, the vdW-induced tunnel barrier, and the FLP effects, 

resulting in ultra-low contact resistance. 

 

The widely adopted approach to extract the contact resistance and transfer length 

is the transfer length method (TLM). In a TLM experiment, the total resistances of FETs 

with different channel lengths (Figure 1.25a) are measured from the output characteristic. 

Considering one single FET (Figure 1.25b), the measured total resistance consists of two 

components: 

𝑅𝑇 = 2𝑅𝐶 + 𝑅𝐶𝐻        (1. 5) 
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where 𝑅𝐶 is the contact resistant at source/drain terminal, a combination of the resistance 

due to the contact metal, the resistance associated with the metal/semiconductor interface, 

and the resistance of the semiconductor underneath the contact. 𝑅𝐶𝐻 is the resistance of 

the device channel, which is related to the sheet resistance of the channel semiconductor, 

𝑅𝑆 (Ω/□), as  

𝑅𝐶𝐻 = 𝑅𝑆
𝐿

𝑊
         (1. 6) 

where 𝑊 and 𝐿 are the width and length of the channel. 𝑅𝑇 then can be expressed as 

𝑅𝑇 =
𝑅𝑆

𝑊
𝐿 + 2𝑅𝐶        (1. 7) 

If the total resistance is plotted as a function of channel length (Figure 1.25c), the 

slope will be the normalized sheet resistance and the y-intercept will be two times the 

contact resistance. 𝐿𝑇  is modeled as 𝐿𝑇 = √𝜌𝐶 𝑅𝑆⁄  under the assumption that the 

effective area of the contact is 𝐿𝑇𝑊  [175]. Then the contact resistance and total 

resistance are: 

𝑅𝐶 =
𝜌𝐶

𝐿𝑇𝑊
=

𝑅𝑆𝐿𝑇

𝑊
        (1. 8) 

𝑅𝑇 =
𝑅𝑆

𝑊
𝐿 + 2𝑅𝐶 =

𝑅𝑆

𝑊
𝐿 + 2

𝑅𝑆𝐿𝑇

𝑊
=

𝑅𝑆

𝑊
(𝐿 + 2𝐿𝑇)    (1. 9) 

Therefore, 𝐿𝑇  can be extracted from the x-intercept in the plot of 𝑅𝑇  vs 𝐿 . 

Meanwhile, we have all the details to find the specific contact resistivity, which can be 

calculated as 

𝜌𝐶 = 𝑅𝑆𝐿𝑇
2         (1. 10) 
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Figure 1.25: Extraction of contact resistance and transfer length using TLM. (a) Device 

structures for the TLM measurement. (b) Schematic of the resistances in a FET. (c) The 

plot of total resistance as a function of channel length. The contact resistance RC, transfer 

length LT and sheet resistance of the channel RS can be extracted. 

 

This method is valid under the assumption that the sheet resistance underneath the 

contact is the same as that in the channel (ρs,contact = ρs,channel), which is not always the case 

due to hybridization at the metal/TMDC interface [101, 181]. For more accurate analysis, 

parallel 4-probe measurements [182] and fixed channel length method [183] can be 

considered. 

 

1.5 Phase Engineering 

Phase engineering is a viable technique for obtaining metastable phase TMDCs 

that do not exist or are rarely attained under ambient conditions. Phase engineering 

mostly includes phase transition and phase-selective synthesis. Phase transition involves 

the conversion from one phase to another, generally from a stable phase to a metastable 

phase. The phase transition can be either reversible or irreversible. Phase-selective 

synthesis involves the direct fabrication of high-purity phase TMDCs or their lateral or 
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vertical heterostructures. The as-obtained phases by phase-selective synthesis are 

normally irreversible. More on the phase-selective synthesis is discussed in Chapter 2. 

Phase transition between semiconducting 2H and metallic 1T/1T′ phases in several 

TMDCs (such as MoS2, MoSe2, MoTe2, and WS2) has been theoretically predicted and 

experimentally demonstrated. It has shown promising potential in many applications. For 

example, unidirectional phase transition from semiconducting phase to metallic phase in 

the contact regions of TMDCs based FETs can be utilized to form 2D edge contacts for 

achieving ultra-low contact resistance. Conversely, reversible phase transition in the 

channel regions can be employed to realize phase-change-based memristive devices 

(discussed in Chapter 5). Additionally, phase transition has been used to promote 

hydrogen evolution reaction (HER) activity [ 184 - 186 ], enhance energy storage 

performance of electrode materials in Li-ion batteries [ 187 - 189 ], generate higher 

photocurrent in optoelectronic devices [190], etc. 

Understanding the mechanisms of phase transition in TMDCs can lead to better 

utilization in the future. This chapter reviews three main mechanisms for inducing phase 

transition between 2H and 1T/1T′ phases in TMDCs: (i) charge doping, (ii) thermal 

treatment, and (iii) strain engineering.  

 

1.5.1 Charge Doping 

Theoretical calculation shows that charge doping can effectively lower the 

transition barrier between the 2H and 1T′ phases [191, 192]. Excessive electrons injected 

into the 2H phase occupy the lowest available energy states in the conduction band lifting 

the total energy of the 2H phase above that of the 1T′ phase, leading to the destabilization 
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of the 2H phase, hence a structural phase transition from 2H to 1T′ [192, 193]. Even for 

monolayer MoTe2 which has the smallest free energy difference between its 2H and 1T′ 

phase (~35 meV per unit cell [33]) among all group-VI TMDCs, the theoretically 

calculated charge doping concentration for the 2H/1T′ phase transition is ~10
13

-10
14

 cm
-2

 

[192], which is one order magnitude higher than the highest value that can be achieved by 

conventional high-κ dielectrics (such as HfO2). However, this high level of charge 

concertation can be induced by electrostatic [194] or chemical doping [95]. The electron-

double-layer (EDL) surface gating using polymer electrolytes can induce an electrostatic 

doping concentration up to 10
15

 cm
-2

 at a few volts [195-197]. Y. Wang et al. has realized 

a reversible electrostatic-doping-driven 2H/1T′ phase transition in exfoliated monolayer 

MoTe2 through an ionic liquid (DEME-TFSI) (Figure 1.26a-b) [194]. Chemical doping 

has been shown to be able to induce higher charge concentrations than electrostatic 

doping. Kappera et al. used n-butyl lithium solution to chemically induce 2H to 1T′ phase 

transition in monolayer 2H-MoS2 (Figure 26c-d) [95], which requires higher charge 

doping than that needed for the phase transition in monolayer MoTe2. Alkali ions (A), 

such as Li
+
, K

+
, Na

+
, can be intercalated into the layer interval of certain layered TMDCs 

to from AxMX2 during which electrons are transferred from alkali ions into TMDCs 

[198]. This intercalation is due to the large interval spacing (0.6-0.7 nm) of layered 

TMDCs and the strong interaction between alkali ions and TMDCs. Theoretically, alkali 

ions can intercalate between every layer interval and dope each individual layer for thick 

TMDCs. 
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Figure 1.26: Phase transition by charge doping: (a-b) electrostatic doping and (c) 

electrochemical doping. (a) Schematics of a MoTe2 monolayer FET covered with an 

ionic liquid electrolyte. (b) Gate-dependent Raman intensity ratios of the 1T′(Ag) mode 

over the sum of the 1T′(Ag) and 2H(𝐴1
′ ) modes under an electrical field scan showing a 

reversible phase transition. Reprinted with permission from reference [194]. (c) 

Electrostatic force microscopy phase image of a monolayer MoS2 nanosheet showing 

different contrast between locally patterned 2H and 1T′ phases. The scale bar is 1 μm. 

Reprinted with permission from reference [95].  

 

1.5.2 Thermal Treatment 

Te vacancies are common in thin layer weak-bonded TMDC films, such as MoTe2, 

due to the close electronegativity of the transition metal and chalcogen atoms [199]. 

These vacancies or defects act as precursors leading to phase transition at elevated 

temperatures due to the frequent vibrations of atoms and the formation of new chemical 

bonds. Te vacancies can also be induced by laser irradiation [174, 200]. S. Cho et al. 

reported phase transition from 2H to 1T′ in few-layer MoTe2 via laser irradiation (Figure 

1.27a-b) [174]. Te vacancy induced by laser irradiation is identified as the key origin of 

the phase transition at high temperature (400 
o
C) elevated by laser irradiation itself. S. 

Kim et al. demonstrated the reversed phase transition from 1T′ to 2H using the same laser 

treatment. Both experiments show a thinning effect and unidirectional phase transition 

from one phase to another [200].  
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1.5.3 Stress Engineering 

It has been proven theoretically and experimentally that tensile strain can lower the 

activation energy of the phase transition (Figure 1.27c) [32, 201, 202]. DFT simulation 

results by Duerloo et al. showed that an equibiaxial tensile strain of more than 10 N m
-1

  

is needed to induce phase transition for most monolayer TMDCs, for example 12.8 N m
-1

 

for MoS2, which is near their breaking threshold. However, MoTe2 requires a 

considerably less tensile strain, less than 6.9 N m
-1

 [32]. Experimentally, S. Song et al. 

observed reversible phase transition in suspended 2H MoTe2 flakes (thickness of ~20 nm) 

under a small tensile strain of 0.2% applied through an atomic force microscopy (AFM) 

tip (Figure 1.27d) [201]. However, the converted regions are not uniform with 

coexistence of 2H and 1T′ phases. Theoretical calculation by A. P. Nayak et al. revealed 

that phase transition can also be achieved under compressive stress [203]. 

 

Figure 1.27: Phase transition by (a-b) laser irradiation and (c-d) tensile strain. (a) 

Schematic representation of the laser-irradiation process. (b) The evolution of Raman 

spectroscopy from 2H phase (bottom) to 1T' phase (top). Reprinted with permission from 

reference [174]. (c) AFM height image (left) of a suspended 2H-MoTe2 flake. (d) Raman 

spectra (right) taken at the outside (supported), periphery, and the center (suspended) of 

the cavities showing different Raman signatures of 2H and 1T′ under 0.2% 

strain. Reprinted with permission from reference [201]. Copyright (2016) American 

Chemical Society.  
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1.6 Dissertation Outline 

This thesis is organized as following. Chapter 2 discusses the in-situ synthesis of 

lateral 2H/1T′ MoTe2 homojunctions using a flux-controlled phase-engineering method 

and the detailed material characterizations of the in-situ-grown MoTe2 homojunctions. 

Chapter 3 discusses the detailed electrical characterizations of the in-situ-grown MoTe2 

homojunctions. Chapter 4 demonstrates a two-step lithographic synthesis technique based 

on the flux-controlled method for the fabrication of various lateral TMDC junctions. 

Chapter 5 demonstrates a reversible phase transition in pre-lithiated few-layer MoS2 

fakes by gate-controlled lithium intercalation through a solid lithium-ion based 

electrolyte. 
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CHAPTER 2 IN-SITU SYNTHESIS OF LATERAL MOTE2 

HOMOJUNCTION 

Lateral metallic-semiconducting (MS) TMDC junctions are of particular interest 

as they are ideal edge contacts for achieving ultra-low contact resistance for TMDC-

based FETs, owing to the mitigation or elimination of SBH, vdW gap, FLP and current 

crowding. The diverse work functions of metallic and semiconducting TMDCs also 

allows for work function engineering to achieve complementary FET applications. 

Furthermore, their thin body nature enables ultimate scalability. In order to use them in 

future scaled logic electronics, facile and scalable synthetic strategies are needed. Lateral 

MS TMDC junctions can be obtained through the phase transition strategies including 

charge doping, thermal treatment and strain engineering (discussed in Chapter 1.5). 

However, those strategies are not scalable and have several shortcomings with regard to 

the quality of the as-obtained materials: (i) They may induce vacancies or cause damages, 

such as electrochemical reaction by ionic electrolyte, etching by laser irradiation, and 

exfoliation by lithium intercalation; (ii) The as-obtained phases may not be homogenous, 

such as a mixed of 2H and 1T′ MoTe2 phases obtained by tensile strain; and (iii) The as-

obtained phases may not preserve their phases when the external force is withdrawn 

(reversible transition), such as the transition induced by electrostatic doping.  

Recently, phase-selective synthesis (mostly based on CVD) has been developed to 

fabricate large-scale single-phase films [204] or lateral polymorphic heterostucture (also 

called homojunction) films [37, 205-208]. Most of the reported syntheses are on MoTe2, 
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as it has the smallest free energy difference between its semiconducting 2H and metallic 

1T′ phases among all group-VI TMDCs, allowing for easy controllability of the phase 

and the in-situ formation of homojunctions. The in-situ synthesis of lateral 2H/1T′ MoTe2 

homojunctions have been achieved by various means including tellurization-velocity-

dependent phase evolution [205, 206], post-growth annealing to induce a 2H to 1T′ phase 

transition [207], temperature-selective phase stabilization in the presence of NaCl [208], 

and flux-controlled phase engineering [37].  

The flux-controlled phase engineering method by tellurization of Mo nanoislands 

is of particular interest given its robustness and ability to form large grains [209]. In this 

method, chalcogen flux plays a key role in determining the phase of as-obtained MoTe2. 

For example, a sufficient amount of Te will lead to 2H phase whereas an insufficient 

supply of Te will result in 1T′ phase [37, 210 ]. However, a comprehensive study 

combining detailed microstructural and electrical properties of 2H/1T′ MoTe2 interfaces 

formed via the flux-controlled growth technique has not been reported. This chapter 

introduces a flux-controlled phase engineering method [37] and discusses detailed 

material characterizations of the as-synthesized 2H/1T′ MoTe2 homojunctions including 

Raman spectroscopy, AFM, and TEM. The material synthesis was done by Youngdong 

Yoo and Lun Jin at the University of Minnesota, and the TEM was done by Huairuo 

Zhang at NIST. The results present in this chapter are from one of my publications [17]. 

 

2.1 Flux-Controlled Phase Engineering Method 

Few-layer 2H, lateral 2H/1T′ homojunctions and 1T′-MoTe2 are synthesized by 

the flux-controlled tellurization of Mo nanoislands in a horizontal hot-wall single-zone 
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furnace (Figure 2.1a). The phase of few-layer MoTe2 is controlled by changing Te atomic 

flux controlled by the temperature of the reaction vessel. Few-layer 2H-MoTe2 is formed 

with high Te flux, while few-layer 1T′-MoTe2 is obtained with low Te flux. With 

medium flux, few-layer in-plane 2H/1T′ MoTe2 homojunctions is achieved. 

The synthesis starts by depositing Mo nanoislands on SiO2/Si substrates through 

electron beam evaporation (EBE) under high vacuum. The deposited Mo nanoislands 

have heights of about 1-3 nm and widths of about a few hundred nanometers (Figure 

2.1b). Then, the Mo nanoislands on SiO2/Si substrates are placed face down on a 5 cm × 

2 cm × 2 cm alumina boat containing a Te lump placed at the center of the heating zone 

in a 3-in. quartz tube, followed by annealing in Ar/H2 (5 sccm/5 sccm) environment at 

atmospheric pressure. The annealing temperature determines Te flux, thereby the final 

phase of the film. The furnace was ramped to 635 ˚C (high Te flux), 585 ˚C (medium Te 

flux), and 535 ˚C (low Te flux)  in 15 minutes and was kept at the temperatures for an 

hour for the synthesis of few-layer 2H, lateral 2H/1T′, and 1T′-MoTe2, respectively. After 

the reactions, Ar was turned to the flow rate of 100 sccm and the furnace was rapidly 

cooled down to room temperature with the furnace lid open. The thickness of the film 

was in the range of 3.5 to 15 nm depending on the variations in growth conditions and the 

initial Mo thickness. More details of the synthesis are provided in Appendix C.1.  

Optical images (Figure 2.1c-e) of few-layer 2H-, lateral 2H/1T′, and 1T′-MoTe2 

show that the films have high uniformity. A sharp optical contrast between 1T′- and 2H- 

domains is due to the change in visible absorption spectrum of 2H- and 1T′- MoTe2. 
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Figure 2.1: (a) Schematic illustration showing the experimental setup for the flux-

controlled phase-engineering synthesis (top) and the temperature profile of the furnace 

(bottom). The center of the furnace is heated at 635 °C. For the syntheses of few-layer 

2H-, lateral 2H/1T′, and 1T′-MoTe2, Te lump is placed at positions of A (635 °C), B (585 

°C), and C (535 °C), respectively. (b) AFM height image (top) and line profile (bottom) 

of Mo nanoislands deposited on SiO2/Si substrates. (a) and (b) are reprinted with 

permission from reference [37].  (c-e) Optical images of as-synthesized few-layer 2H-, 

lateral 2H/1T′, and 1T′-MoTe2 films.  

 

2.2 Material Characterizations of 2H/1T′ MoTe2 Homojunctions 

As-synthesized MoTe2 is characterized by Raman Spectroscopy, AFM, and TEM. 

More characterizations including X-ray photoelectron spectroscopy (XPS), and X-ray 

powder diffraction (XRD) are provided in Appendix B.2 [37]. 

 

2.2.1 Raman Spectroscopy 

An optical image of an as-synthesized few-layer 2H/1T′ MoTe2 homojunction is 

shown in Figure 2.2a. Raman spectra (Figure 2.2b) taken from the 2H- and 1T′- MoTe2 

regions exhibit phase-specific characteristic Raman peaks, which are the A1g (170.9 

cm
−1

) and E2g (233.5 cm
−1

) modes for 2H-MoTe2 and the Bg (163.0 cm
−1

) and Ag (260.1 
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cm
−1

) modes for 1T′-MoTe2. The crystal structures of as-synthesized few-layer 2H- and 

1T′- MoTe2 were confirmed by XRD (Figure B.1). The elemental composition of few-

layer 2H- and 1T′- MoTe2 analyzed using XPS (Figure B.2) reveals that the Te/Mo 

atomic ratio of 1T′-MoTe2 is about 1.86 when the value of the Te/Mo atomic ratio of 2H-

MoTe2 is normalized to 2.00. The Te deficiency in 1T′-MoTe2 could be attributed to the 

insufficient Te supply during the growth. 

 

Figure 2.2: (a) Optical image of a MoTe2 homojunction grown on a SiO2/Si substrate. 

The right side was scratched off by tweezers. (b) Raman spectra taken from the 1T′ and 

2H regions in (a) with an excitation laser with a wavelength of 633 nm and a power of 

150 μW. 

 

2.2.2 Atomic Force Microscope 

AFM measurement was performed to verify the thickness and roughness of the as-

synthesized few-layer 2H/1T′ MoTe2 homojunction. The AFM height map of the region 

in the red dashed box in Figure 2.3a is shown in Figure 2.3a. The film possesses a root-

mean-square (RMS) roughness of ~0.9 nm. Since the underlying SiO2/Si substrates has a 

RMS of 0.5-1 nm, the surface of the film is quite smooth. The height profile across the 

film edge (line 1 in Figure 2.3a) shows that the thickness of the film is around 8 nm 

(Figure 2.3b). It should be noted that the thickness of the films can vary by a few nm 

from batch to batch due to variations in growth conditions and the thickness of the initial 
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deposited Mo. By optimizing the growth conditions, this method is capable of growing 

homojunction films with a thickness of down to 3.5 nm (five-layer) [37]. The height 

profile across the homojunction (line 2 in Figure 2.3a) indicates that there is no 

systematic change in height across the homojunction (Figure 2.3c). The boundary 

between two phases is still slightly visible in the height map, which could be attributed to 

the local variations in the texturing of the 1T′ and 2H regions (discussed in Chapter 

2.2.4). 

 

Figure 2.3: (a) AFM height map of the region in the red dashed box in Figure 2.2a. (b) 

Height profile along the horizontal white line 1 in (a) showing that the thickness of the 

film is 8 nm. (c) The height profile along the horizontal white line 2 showing no 

significant height difference across the homojunction.  

 

2.2.3 Transmission Electron Microscopy 

TEM was employed to gain insight into the microstructural details of the 2H/1T′ 

MoTe2 homojunction. Sample preparation is provided in Appendix C.2. Figure 2.4a 

shows a low-magnification bright-field (BF) TEM image of the plan-view sample 

supported on lacey carbon. The round region of darker contrast is identified as having a 

2H structure, and the surrounding brighter matrix is identified as having the 1T′ structure. 

Selected area electron diffraction pattern (SAEDP) analysis taken from regions of a 

diameter of 600 nm shows the 2H region being a near single-crystal oriented with the 
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[001]2H normal to the plane of the film (Figure 2.4b), and the 1T′ matrix is polycrystalline 

but textured so that the [001]1T′ direction is out of the film plane (Figure 2.4c). Detailed 

analysis of the polycrystalline diffraction rings supporting the strong [001]1T′ texture is 

given in Figure B.3 and Table B.1 of Appendix B.3.  

 

 

Figure 2.4: Plan-view bright-field TEM characterization results of as-synthesized 2H/1T′ 

MoTe2 homojunction. (a) Low-magnification bright-field TEM image showing the round 

region of 2H phase surrounded by the 1T′ phase matrix. (b,c) Selected-area electron 

diffraction patterns (SAEDPs) from the round region and matrix showing the near-single-

crystal pattern of the 2H phase and polycrystalline diffraction rings of the 1T′ phase, 

respectively. 

 

Figure 2.5a shows a dark-field (DF) TEM image taken with an aperture at the (100) 

diffraction spot shown in Figure 2.4b with a yellow circle. Most of the round region is 

bright and consistent with the SAEDP analysis of near-single-crystallinity of the 2H 

phase. The dark areas shown by the yellow circles have a smaller thickness than the 

surrounding area (discussed in Appendix B.4). The speckling contrast (Figure 2.5b) is 

due to the thickness variation and slight local misorientation of the 2H domains. Figure 

2.5c shows a dark-field image taken from the 2H/1T′ interface region with a large 

aperture (placed as shown in the inset), evidencing the polycrystalline 1T′ grains. 
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Figure 2.5: Plan-view dark-field TEM characterization results of as-synthesized 2H/1T′ 

MoTe2 homojunction. (a) Dark-field image with an aperture at the (100) diffraction spot 

in Figure 2.4(b) showing the well-defined 2H/1T′ interface and (b) zoomed-in image 

demonstrating local structural variation in the 2H phase. (c) Dark-field image taken from 

the 2H/1T′ interface region with a large aperture (placed as shown in the inset) showing 

the polycrystalline 1T′ grains. 

 

High-resolution TEM (HRTEM) observation shows a structural continuity at the 

2H/1T′ interface region (Figure 2.6a). Figure 2.6b,c show typical HRTEM images taken 

from the 2H region and the 1T′  matrix, respectively. The insets of projected atomic 

models and corresponding simulated HRTEM images show a good match with the 

hexagonal and orthorhombic structures of 2H and 1T′ along their [001] zone axes, 

respectively. 

 

Figure 2.6: Plan-view high-resolution TEM characterization results of as-synthesized 

2H/1T′ MoTe2 homojunction. (a) HRTEM image showing structural continuity at the 

homojunction. (b,c) HRTEM images with insets of projected atomic models and 

corresponding simulated HRTEM images showing a good match with the hexagonal and 

orthorhombic structures of 2H and 1T′ along their [001] zone axis, respectively. 
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2.2.4 Scanning Transmission Electron Microscopy 

Aberration-corrected STEM was further employed to characterize the homojunction 

film. Sample preparation is provided in Appendix C.3. Figure 2.7a shows a low-

magnification low-angle annular dark-field (LAADF) STEM image of a round 2H region 

surrounded by a 1T′ matrix in the plan-view sample. The 2H region has a stronger 

intensity than the 1T′ matrix, apparently due to electron channeling effect along the 

[001]2H direction. A zoomed-in LAADF-STEM image shows mottled contrast in the 

near-single-crystalline 2H region and nanosize polycrystalline particles in the 1T′ matrix 

(Figure 2.7b), which arises due to the thickness variations and slight local misorientations 

of the 2H domains and the polycrystalline 1T′ matrix. Figure 2.7c,d shows typical high-

resolution STEM (HRSTEM) images taken from 2H and 1T′ regions along the [001] 

zone axis, respectively. The typical honeycomb structure of the 2H phase is identified in 

the entire round region, and no presence of other structures such as 1T′ and 3R [211] is 

observed. Figure 2.8a shows an HRSTEM image of a large area from the mottled 2H 

region, with the corresponding fast Fourier transform (FFT) image in the inset showing 

the single crystallinity. This image confirms the thickness variation and slight 

misorientation in local areas. The apparent downtrend of the intensity profile from AB 

suggests a decreasing thickness in this region (Figure 2.8b). Figures 2.8c-e show the 

zoom-in images of the selected areas SA-1, SA-2 and SA-3 shown in Figure 2.8a, as well 

as their corresponding FFTs, evidencing the local misorientation in SA-2. 
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Figure 2.7: STEM characterization of plan-view samples of as-synthesized 2H/1T′ 

MoTe2 homojunction. (a) Low-magnification LAADF-STEM image showing the round 

2H region surrounded by the 1T′ matrix in the plan-view sample. (b) Zoomed-in 

LAADF-STEM image showing mottled contrast in the 2H region and the polycrystalline 

1T′ matrix. (c,d) Typical HRSTEM images with matching atomic projections of the 

corresponding 2H and 1T′ phases, respectively. 

 

 

Figure 2.8: HRSTEM image of a large area from the mottled 2H region with the 

corresponding FFT image in the inset. The positions of an intensity line-scan AB, and 

three selected areas for FFT are illustrated (SA-1, SA-2, SA-3). (b) Intensity profile 

showing the thickness variation from AB. (c-e) The zoom-in images of the selected 

areas and their corresponding FFTs showing the local misorientation in SA-2. 

 

Figure 2.9a-c shows HRSTEM images of the 2H/1T′ interface region, 

demonstrating the 2H phase connecting seamlessly with the neighboring randomly 

orientated 1T′ grains.  
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Figure 2.9: (a-c) HRSTEM images showing the 2H connecting seamlessly with the 

neighboring randomly orientated 1T′ grains. 

 

The homojunction film was further characterized with cross-sectional STEM. 

Figure 2.10a shows a cross-sectional STEM image capturing both the 2H and 1T′ 

regions. The film thickness varies between 8.5 and 12.9 nm along a 20 μm long TEM 

lamellar sample. As shown by the yellow arrows in Figure 1.10a, the 1T′ region is 

composed of nanosized grains which were identified as randomly textured along the 

[001]1T′ out-of-plane direction. In contrast, the film in the 2H region is continuous, and 

very few domain boundaries were observed; some thickness variations are shown by the 

purple arrows. Figure 2.10b-e shows typical HRSTEM images taken from the 2H region 

(Figure 2.10b,c) and 1T′ region (Figure 2.10d,e) which are well matched with the atomic 

models of 2H and 1T′, respectively. 
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Figure 2.10: STEM characterization of cross-sectional samples of as-synthesized 2H/1T′ 

MoTe2 homojunction. (a) Low-magnification cross-sectional STEM image showing the 

thickness variations in the 2H region and grain boundaries in the 1T′ region. (b-e) Typical 

HRSTEM images taken from the 2H (b,c) and 1T′ (d,e) regions. False colors are added to 

aid the eye. 

 

2.3 Summary 

A flux-controlled phase engineering method by tellurization of Mo nanoislands to 

form large-area MoTe2 films has been demonstrated. Using this method, few-layer 2H-, 

lateral 2H/1T′ homojunctions and 1T′-MoTe2 are obtained with high, medium, and low 

Te flux, respectively. The as-obtained lateral 2H/1T′ MoTe2 homojunction films are 

composed of randomly distributed round 2H-MoTe2 domains stitching seamlessly to the 

1T′-MoTe2 matrix with no significant thickness difference across the junctions. The 2H-

MoTe2 domains are near-single-crystalline whereas the 1T′-MoTe2 matrix is 

polycrystalline with nanosized grains.   
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CHAPTER 3 ELECTRICAL CHARACTERIZATIONS OF 

IN-SITU-GROWN 2H/1T′ MOTE2 HOMOJUNCTION 

Whether the lateral 2H/1T′ MoTe2 homojunction synthesized by the flux-

controlled phase engineering method can be used an ideal 2D edge contacts for achieving 

low contact resistance depends on the band alignment at the 2H/1T′ interface. In order to 

investigate the carrier transport at the 2H/1T′ interface, MoTe2 FETs with phase-

engineered 1T′ contacts are fabricated and characterized using the in-situ-grown 2H/1T′ 

MoTe2 homojunctions. This chapter compares the room-temperature and temperature-

dependent carrier transports at the metal (Ti)/2H, metal (Ti)/1T′, and 2H/1T′ interfaces 

through detailed electrical characterizations. Contact resistance at the metal (Ti)/2H and 

metal (Ti)/1T′ interfaces are extracted. Bias-dependent Schottky barrier behaviors at the 

metal/2H and 2H/1T′ interfaces are also discussed. The results present in this chapter are 

from one of my publications [17]. 

  

3.1 Fabrication of in-situ-Grown MoTe2 Homojunction FETs  

  Few-layer 2H/1T′ MoTe2 homojunction film was synthesized on Si substrates 

with 300 nm thermal oxide using the flux-controlled phase engineering method discussed 

in Chapter 2. The thickness of the as-synthesized film was ~8 nm, confirmed by AFM 

measurements (Figure 2.3b). To fabricated MoTe2 homojunction FETs, alignment marks 

were first patterned, and Ti (10 nm)/Au (35 nm) metal was deposited to form alignment 

marks for subsequent process steps. Next, mesa regions were patterned and etched into 

the MoTe2 to form rectangular areas consisting of 2H, 1T′, and 2H/1T′ nanosheets. 

Contacts to the MoTe2 were formed by patterning and lifting off Ti (10 nm)/Au (80 nm) 
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metal. Details of the device fabrication are provided in Appendix C.4. Three types of 

devices were fabricated: (1) 2H-only devices where the channel consisted of 2H phase 

and the metal pads were contacted to the 2H phase; (2) 1T′-only devices where the 

channel consisted of 1T′ phase and the metal pads were contacted to the 1T′ phase; and 

(3) 2H/1T′ devices where the channel consisted of 2H phase and the metal pads were 

contacted to the 1T′ phase. An optical image of a 2H/1T′ MoTe2 homojunction FET is 

shown in Figure 3.1a. Raman mapping of phase-specific phonons was used to further 

confirm phase identity in the channel of the FET. Raman maps of the 2H-MoTe2 E2g peak 

(Figure 3.1b) and 1T′ MoTe2 Bg peak (Figure 3.1c) show a sharp interface between the 

2H and 1T′ MoTe2 regions. 

 

 

Figure 3.1: Raman mapping of 2H/1T′ MoTe2. (a) Optical image of a 2H/1T′ device. 

Both the 1T′ and 2H-MoTe2 films are ~6-nm thick in this region. (b)-(c) Raman intensity 

maps of the E2g mode of the 2H phase and the Bg mode of the 1T′ phase of the region in 

the red rectangle in (b). White dashed lines are the borders of the contact fingers.  

 

In the following chapters, I compare transport characteristics of all three types of 

devices and extract the contact resistances at the metal/2H and the metal/1T′ interface 

(Chapter 3.2) and the energy barrier at the metal/2H  and the 2H/1T′ interface (Chapter 

3.3 and 3.4). 

 



 

 67 

3.2 Transport at Metal/2H and Metal/1T′ Interfaces 

The contact resistances of 1T′-only and 2H-only devices were measured under 

vacuum using the transfer length method (TLM, discussed in Chapter 1.4.5), as shown in 

Figure 3.2a,b. The contact resistance of Ti/Au to the 1T′ MoTe2 was found to be 0.47 ± 

0.03 kΩ·µm, and the sheet resistance of 1T′ MoTe2 was 2.65 ± 0.09 kΩ/□ at zero back-

gate voltage, VBG. The 1T′ contact resistance value is comparable to the best value 

reported so far for phase transitioned MoS2-based FETs (200−300 Ω·μm) [95] and, to the 

best of our knowledge, is the lowest reported for MoTe2. Conversely, the contact 

resistance of the Ti/Au metal to 2H-MoTe2 was found to be 15.6 ± 0.58 MΩ·μm with a 

sheet resistance of the 2H phase of 4.67 ± 0.7 MΩ/□ at VBG = −100 V. Thus, the contact 

resistance is reduced by 4 orders of magnitude by using the 1T′ contacts. The back-gate 

dependence of the contact resistance of the 2H-only device is shown as an inset in Figure 

3.2b. The contact resistance increases with increasing back-gate voltage, VBG, as the 

device turns off.  

The room-temperature transport characteristics of 1T′-only and 2H-only devices. 

The room-temperature transfer characteristics showing drain current, ID vs VBG, of the 

1T′-only and 2H-only devices are shown in Figure 3.2c. The 1T′-only device shows a 

high drive current of 245 μA/μm at VDS = −0.5 V, but has no gate modulation, which 

confirms the metallic nature of the 1T′ MoTe2. The 2H-only device shows a typical 

MOSFET transfer characteristic with a current on/off ratio of ∼20. The relatively small 

current on/off ratio can be attributed to the traps at the MoTe2/SiO2 interface. The 

calculated interface trap density in this device is on the order of 10
13

 cm
−2

/eV at room 
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temperature, which significantly degrades the modulation efficiency of the gate electrode. 

Details of the trap density extraction are provided in Appendix B.5. The room-

temperature output characteristics (ID vs VDS) of the 1T′-only and 2H-only devices are 

shown in Figure 3.2d. The current of the 1T′-only device is over 4 orders of magnitude 

larger than that of the 2H-only device at the same VDS. Furthermore, the 1T′-only device 

has a linear relationship, whereas the 2H-only device displays nonlinear behavior, which 

is consistent with the metallic (semiconducting) nature of the 1T′ MoTe2 (2H MoTe2) 

material. 

 

Figure 3.2: Transfer length measurements and device characteristics. (a) 

Resistance vs contact spacing for the 1T′-only device at VBG = 0 V. (b) 

Resistance vs contact spacing for the 2H-only device at VBG = −100 V. Inset is the 

percentage change of contact resistance at different VBG. (c) Room-temperature transfer 

characteristics of the 1T′-only and 2H-only devices at VDS = −0.5 V. (d) Room-

temperature output characteristics of the 1T′-only device at VBG = 0 V and the 2H device 

at VBG = −100 V. 
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3.3 Transport at 2H/1T′ Interface 

Figure 3.3 shows the temperature-dependent device behavior for the 2H-only and 

2H/1T′ device geometries depicted schematically in Figure 3.3a,b. The ID vs VBG 

characteristics of these devices are shown in Figure 3.3c,d, respectively, for temperatures 

ranging from 77 to 300 K (optical images of these devices are insets in Figure 3.3e,d). As 

expected, the on-current, current on/off ratio, and subthreshold swing, SS, are improved 

by using 1T′ electrodes. For the 2H/1T′ device, the current on/off ratio ION/IOFF increases 

and SS reduces with decreasing temperature, strongly suggesting that the current of the 

2H/1T′ device is in the mobility-limited, as opposed to the thermionic-limited, regime. 

This improvement of the current on/off ratio is not prominent in the 2H-only device, 

showing that the current is limited by thermionic transport associated with the metal/2H-

MoTe2 interface. Table 3.1 provides a performance comparison of the 2H-only and 

2H/1T′ devices. 

Table 3.1. Comparison of 2H-only and 2H/1T′ device performance 

 

Property 2H-only 

devices 

2H/1T′   

devices 

Ratio 

On-current (nA/µm)  

(at 300 K, VBG = -100 V, VDS = -0.1 V) 

5.72 39.6 6.9 

Transconductance (nS/µm)  

(at 300 K, VDS = -0.1 V) 

0.2 0.43 2.1 

Field-effect hole mobility (cm
2
V

-1
s

-1
) 

(at 300 K, VDS = -0.1 V) 

0.6-0.8 7-8 9-13 

Current on/off ratio (at 77 K, VDS = -0.1 V) 10 3.5×10
3
 350 
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Figure 3.3: Temperature-dependent transport characteristics of the 2H-only and 2H/1T′ 

devices. (a, b) Schematic diagram of (a) 2H-only and (b) 2H/1T′ device structures. The 

dimensions of the 2H-only device are LDS = 3 μm and W = 21 μm, while the 2H/1T′ 

device has LDS = 23 μm and W = 9 μm (the length of the 2H region is about 18 μm). (c, d) 

Transfer characteristics (IDvsVBG) of (c) 2H-only device and (d) 2H/1T′ device at VDS = 

−0.1 V for temperatures of 77 K (black curve) and from 100 K (red curve) to 300 K 

(olive curve), in steps of 20 K. (e, f) Output characteristics (IDvsVDS) of 2H-only and 

2H/1T′ device for VBG varying from −100 V (top curve) to +100 V (bottom curve) in 

steps of +40 V at T = 77K (black points) and T = 300 K (olive points). The optical images 

of the 2H-only and the 2H/1T′ devices are inset in (e) and (d), respectively, where the 

specific device is indicated by the arrow. 

 

Once again, the relatively low on-current in our devices is consistent with the 

presence of interface traps, which can occur despite the high crystal quality of the 2H-
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MoTe2 itself. The field-effect hole mobility of the 2H/1T′ device (7.4 cm
2
/(V s)) is ∼10 

times higher than that of the 2H-only device (0.8 cm
2
/(V s)) and shows a dependence on 

temperature with a power factor of 1.5, confirming the ohmic contact at the metal/1T′ 

interface. Accounting for the effect of interface traps in our samples, these mobility 

values are comparable with previously reported values for CVD-grown MoTe2 [205, 208, 

212]. Additional details of the field-effect hole mobility extraction and its temperature 

dependency are provided in Appendix B.6. 

The improvement in the contact resistance using the metal/1T′ electrode design is 

also observed in the output characteristics (ID vs VDS) of the devices as shown in Figure 

3.3e,f. The linear output characteristics of the 2H/1T′ device at 300 and 77 K indicate 

ohmic-like behavior of the 1T′ electrode and the 2H/1T′ interface, whereas the output 

characteristics of the 2H device are nonlinear and this nonlinearity becomes severe at 

lower temperatures, implying the presence of a Schottky barrier at the metal/2H interface. 

Furthermore, the on-state drain current values (at VBG = −100 V) in the 2H/1T′ device 

increase with decreasing temperature, whereas the drive current decreases in the 2H-only 

device with decreasing temperature, suggesting mobility-limited transport in the 2H/1T′ 

device and thermionic-limited transport in the 2H-only device. The temperature-

dependent transport characteristics (Figure B.6) of another set of 2H-only and 2H/1T′ 

devices show nearly identical trends, suggesting the generality of the observed results. 

Histograms (Figure B.7) of normalized ON-state resistances for three types of devices 

fabricated on films from four different growths with slightly different thicknesses (99 

devices in total, listed in Table B.2) further confirm the reproducibility of the observed 

trends. 
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3.4 Schottky Barrier at Metal/2H and 2H/1T′ Interfaces 

Results of the temperature-dependent transfer characteristics were used to extract 

the SBHs, ՓSB, for the three interfaces: (1) metal/2H phase, (2) metal/1T′, and (3) 2H/1T′. 

The thermionic emission equation (Equation 1.4 in Chapter 1.4.2) was utilized to model 

the temperature and bias dependence of the drain current and then the SBHs were 

extracted from the Arrhenius plots. More on the extraction method is discussed in 

Chapter 1.4.2.  

The Arrhenius plots for a 1T′-only device at VBG = 0 V for temperature ranging 

from 160 K to 260 K are shown in Figure 3.4a. The slopes of the Arrhenius plots are 

found to be positive, which indicates negative activation energy. Negative activation 

energy suggests that the conductivity of the 1T′ MoTe2 decreases with increasing 

temperature, which implies that the 1T′ MoTe2 has metallic-like conductivity. Figure 3.4b 

shows the Arrhenius plots for a 2H-only device at VBG = 0 V for temperatures ranging 

from 220 K to 300 K. Here, a negative slope was found, indicating activated transport, 

and similar behavior was found for all values of VBG measured in this study for the 2H-

only device. Finally, Figure 3.4c shows the Arrhenius plot for the 2H/1T′ device at VBG = 

0 V for temperatures between 240 K and 300 K. Once again, a negative slope is observed, 

indicating thermally activated transport, though the slope is lower than that of the 2H-

only device, indicating a lower energy barrier. However, as described above, since no 

thermally-activated transport was observed for the metal/1T′ interface, we conclude that 

the energy barrier associated with transport in the 2H/1T′ device is associated with the 

2H/1T′ interface and not the metal/1T′ interface. 
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Figure 3.4: Arrhenius plots and bias-dependent effective barrier heights in the high-

temperature regime. (a) Arrhenius plots of ln(ID/T
1.5

) vs 1/kBT for the 1T′-only device 

(depicted at the top) at VBG = 0 for different values of VDS. The positive slopes indicate 

the absence of an energy barrier at the metal/1T′ interface. (b) Arrhenius plots for the 2H-

only device at VBG = 0 V for different values of VDS. (c) Arrhenius plots for the 2H/1T′ 

device at VBG = 0 V for different values of VDS. Given the absence of a barrier at the 

metal/1T′ interface, the slope is an indication of the barrier height at the 2H/1T′ interface 

 

We performed analysis of the activation behavior of the carrier transport by 

investigating the dependence upon the backgate voltage, VBG, at a fixed VDS. The results 

are shown in Figures 3.5a and 3.5b for the 2H-only and 2H/1T′ devices, respectively, 

where the Arrhenius plots are shown for five different values of VBG. For the 2H-only 

device, thermally activated transport was observed for all values of VBG, as indicated by 

the negative slope, where the slope was found to increase with more positive VBG, with 

only slight deviation of the slope at lower temperatures. However, the 2H/1T′ devices 

display very different behavior, with two distinct activation energies regimes, one at high 

temperature and another at low temperatures. First, in the high temperature regime 

(between 240 K and 300 K) we observe a positive slope at the most negative values of 

VBG, indicating more metallic-like transport in the strong accumulation region. As VBG 

increased, the slope was found to change signs and then sharply steepen as VBG was made 
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more positive. In the low temperature regime (between 100 K and 160 K), a negative 

slope is observed under all conditions, which only changes slightly as VBG is changed.  

In order to determine the complete dependence of ՓSB on VBG for both devices, 

the effect of VDS on the activation energy must be taken into account. To do this, the 

slopes from the Arrhenius curves at a particular value of VBG can be plotted vs. VDS and 

then extrapolated to VDS = 0. An example of this extrapolation is shown in Figure B.8. 

This procedure was followed for all devices in order to determine ՓSB as a function of 

VBG. The results are shown in Figure 3.5c for both the 2H-only device in the high-

temperature regime (red squares) and the 2H/1T′ device in the high- and low-temperature 

regimes (close and open blue circles, respectively). Similar results are observed in other 

devices from the same substrate, as shown in Figure B.9. 

Several interesting trends are observable from Figure 3.5c. First, the overall 

barrier height for the 2H/1T′ device in the high-temperature regime is dramatically lower 

than that of the 2H-only device over all VBG values. Given that no thermally-activated 

barrier exists at the metal/1T′ interface, this result indicates that the 2H/1T′ valence band 

energy barrier is smaller than the metal/2H energy barrier, in the case of Ti as the 

Schottky metal. The effective barrier heights at zero backgate voltage for several 2H-only 

or 2H/1T′ devices with different channel thicknesses have a high level of agreement 

(Figure B.10). The flat-band barrier height at the 2H/1T′ interface is estimated to be 

roughly 30 + 10 meV as illustrated in Figure B.11. The metal/2H barrier is qualitatively 

consistent with the effective Schottky barrier heights extracted for metal contacts to 

exfoliated 2H-MoTe2 [213-215], and the 2H/1T′ energy barrier is also consistent with 
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that observed for exfoliated MoTe2 with process-induced 1T′ regions [174], and NaCl-

phase-stabilized direct epitaxy [208].  

 

Figure 3.5: Backgate voltage-dependent Arrhenius plots and effective Schottky barrier 

heights. (a, b) Arrhenius plots for the (a) 2H-only device and (b) 2H/1T′ device at VDS = 

−0.1 V for VBG ranging from −100 to 100 V. (c) Effective Schottky barrier height of the 

2H-only device in the high-temperature regime (red squares) and 2H/1T′ device in the 

high- (close blue circles) and low- (open blue circles) temperature regimes as a function 

of VBG. 

 

A second feature we observe is that the gate voltage dependence of the SBH (in 

the high-temperature regime) is much weaker for the 2H-only device compared to the 

2H/1T′ device. We believe the relatively soft SBH dependence vs. gate voltage for the 

2H-only device is due to a combination of two factors. The first is the presence of 

interface traps at the MoTe2/SiO2 boundary that results from the CVD growth procedure. 

Second, it is well-known that direct metal contacts to 2D semiconductors can have a 
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relatively long transfer length, where the majority of current is injected underneath the 

contacts, as opposed to at the contact edge [112, 178, 216, 217] (discussed in Chapter 

1.4). In our devices, this is confirmed by our data in Figure 3.2b, which shows a transfer 

length of several microns. In this situation, the termination of the gate-voltage induced 

electric field on the metal contacts further reduces the efficiency of the gate modulation. 

It is the combination of these two effects that leads to very little barrier height modulation. 

Comparison of band diagrams at the metal/2H and 2H/1T′ interfaces under different 

backgate voltages illustrates the effect of the longer transfer length in the 2H-only device 

(Figure B.12), in agreement with previous reports [208]. It should be noted that, in the 

literature, the effective barrier height for metal contacts to exfoliated 2H-MoTe2 has been 

found to have strong gate voltage dependence, with the barrier height increasing to 300 

meV near the transistor off-state to near zero in the strong on-state region [214]. However, 

in those devices larger gate modulation is still possible, since it is expected that the 

interface state density is much smaller than in CVD-grown MoTe2. 

In contrast to the 2H-only case, we observed a much stronger modulation of the 

effective SBH for the 2H/1T′ device in the high-temperature regime. While we expect the 

interface state density to be similar for the two cases, the 2H/1T′ injector is a pure edge 

contact, and so the barrier height modulation is not affected by the metal contacts. 

Therefore, only the interface states associated with the 2H-MoTe2 play a role in 

degrading the barrier height modulation. 

Finally, we note that the SBH for the low-temperature regime of the 2H/1T′ 

device (also shown in Figure 3.5c) is relatively independent of gate voltage, particularly 

at positive gate voltages, when the device is nearer to the OFF-state. We believe that this 
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energy is related to interface traps at the MoTe2/SiO2 boundary and is not associated with 

a SBH. In the 2H/1T′ devices, the observation of this low-temperature activation energy 

regime is made possible by the low 2H/1T′ barrier, which allows sufficient current flow 

at low temperature. This regime is less easily observable in the 2H-only sample, since at 

low temperatures, the conductivity is near the noise floor of our measurements. 

We also performed DFT of 1T′ and 2H-MoTe2 band structures to estimate the 

expected band line ups. Details of the DFT calculations are provided in Appendix B.1. 

The DFT calculations confirm the metallic and semiconducting nature of the 1T′ and 2H 

phases, respectively (illustrated in Chapter 1.2), and show that the Fermi level at the 

2H/1T′ boundary is within ~ 77 meV of the valence band edge (VBE). The calculated 

SBH is much lower than previous calculations for Ti contacts to 2H-MoTe2 [108], which 

is qualitatively consistent with our observations in Figure 3.6c. However, we believe that 

the effect of interface state charging in our samples, as well as the use of a slightly thicker 

experimental sample than our calculations, makes a truly quantitative comparison with 

experiment difficult. Nevertheless, the qualitative agreement of our SBH with backgate 

voltage provides strong evidence as to the high-quality nature of the 2H/1T′ lateral 

interface in MoTe2. 

 

3.5  Summary 

A comprehensive study on the electrical properties of in-situ-grown lateral 2H/1T′ 

MoTe2 homojunction films synthesized by flux-controlled phase engineering has been 

conducted. MoTe2 p-MOSFETs with metal contacts to 1T′ regions show significant 

improvement in device performance compared to the ones with metal/2H contacts 
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because of the reduced contact resistance (< 0.5 kΩ·µm) and the small barrier height 

(10’s meV) for holes at the 2H/1T′ interface. Further reduction of interface traps should 

lead to improved device performance as well as improved understanding of the transport 

across the 2H/1T′ interface. While in this work, the technique of growing the 1T′ and 2H 

phases simultaneously is useful for evaluating the barrier heights and interface quality for 

homojunctions grown using the flux-controlled method, this technique can also be used 

to grow the two phases sequentially, which could be more practical for FET applications. 

In such a technique, the channel 2H phase MoTe2 would be first grown over the entire 

substrate and patterned into individual channels, followed by the growth of the 1T′ phase 

around the channels, which could be further patterned and deposited with metal contacts. 

More on the study of the properties at the sequentially-grown 2H/1T′ MoTe2 interface is 

discussed in Chapter 4. Finally, MoTe2 with 2H/1T′ built-in homojunctions could also 

have significant benefits for realizing phase-change memory and logic devices, and 

recent work has shown that electrostatically induced phase change is possible through 

electrostatic gating. 
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CHAPTER 4 SEQUENTIAL SYNTHESIS OF LATERAL 

TMDC JUNCTIONS 

The in-situ-grown 2H/1T′ MoTe2 homojunctions synthesized by the flux-controlled 

phase engineering method have shown to form good 2D edge contacts for achieving low 

contact resistance. However, the in-situ-grown synthesis method is not practical for large-

scale FET fabrications due to the lack of controllability in size and location of the round 

2H-MoTe2 domains. To overcome this issue, this method was previously studied to create 

patterned 2H/1T′ MoTe2 homojunctions in a two-step lithographic sequence where the 

1T′ phase is first synthesized and patterned, followed by the synthesis of 2H phase [37]. 

However, electrical characterization of the interface properties has not been performed. 

Furthermore, it would be useful to extend this two-step lithographic synthesis to create 

various TMDC junctions to fully utilize their diverse properties for novel applications, 

such as TMDC-based complementary MOSFETs. For example, complementary 

MOSFETs can be obtained by combining semiconducting TMDCs with metallic TMDCs 

that result in low contact resistance for either electrons or holes. There are several 

challenges that need to be addressed. (1) Can the first-grown material preserve its 

structure without phase transition or decomposition during the synthesis of the second 

material? (2) How do the interface properties of the sequentially-grown interfaces 

compare to those of the in-situ-grown interfaces? Can similar interface quality be 

achieved? (3) Does metallic materials exist that lead to low contact resistance for both 

electrons and holes for the same channel material? (4) Can we control the band alignment 

at the interface by in situ substitutional doping of the materials during growth?  

This chapter describes this two-step lithographic synthesis approach for the 
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fabrication of various lateral TMDC junctions. Lateral 2H/1T′ MoTe2 homojunctions and 

2H-MoS2/1T′-MoTe2 heterojunctions are fabricated and characterized by Raman 

mapping, AFM, and transport measurements. TMDC syntheses were performed by Lun 

Jin. I performed the device fabrication, material and electrical characterizations. 

This two-step lithographic synthesis approach can be further utilized in a scaled 

process for the fabrication of high-performance top-gated TMDC-based MOSFETs with 

self-aligned, phase-engineered contacts. One of the challenges of implementing this 

scaled process is the integration of ultra-thin high-ĸ dielectrics on TMDCs, due to the 

lack of surface dangling bonds (unsatisfied valences) which act as binding sites for 

precursor deposition. Preliminary study of the deposition of high-quality HfO2 on MoTe2 

by ALD with a monolayer molecular crystal as a seeding layer is discussed.  

 

4.1 Sequentially-Grown 2H/1T′ MoTe2 homojunctions 

4.1.1 Device Fabrication 

Figure 4.1 illustrates the two-step lithographic synthesis approach for creating 

lateral 2H/1T′ MoTe2 homojunctions based on the flux-controlled phase engineering 

method. Few-layer semiconducting 2H-MoTe2 is first grown and patterned into 

rectangular device channels, followed by the growth of few-layer metallic 1T′-MoTe2 as 

the contact material. The process started with the synthesis of 2H-MoTe2 by tellurization 

of Mo nanoislands at high Te flux on a Si substrate with 100-nm-thick SiO2 grown on top. 

Next, channel regions were created by mesa patterning using electron beam lithography 

(EBL) and etching in an Ar/CHF3/CF4 plasma. A conformal coating of Mo nanoislands 

was then deposited using electron beam evaporation (EBE) and lift off in acetone. The 
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deposited Mo nanoislands were then tullerized to 1T′-MoTe2 at low Te flux. Regions 

composed of two back-to-back 2H/1T′ MoTe2 homojunctions were patterned using EBL 

and then etched in a 30% H2O2:H2O solution. Finally, Ti/Au metal contacts were 

deposited on the 1T′-MoTe2 contact regions using EBE. The two-step lithographic 

approach is compatible with conventional CMOS fabrication process. Details of this two-

step process are provided in Appendix C.5. 

 

Figure 4.1: Fabrication of lateral 2H/1T′ MoTe2 homojunction FETs using a two-step 

lithographic synthesis approach. (a) 2H-MoTe2 synthesis. (b-c) Mesa patterning. (d-e)  

Mo conformal deposition and lift off. (f) 1T′-MoTe2 synthesis. (g-h) Contact patterning 

and deposition. 

 

The etching process used to pattern device channels caused undercutting of the 2H-

MoTe2 channels underneath the PMMA patterns (Figure 4.1c). Therefore, instead of 

planar deposition, conformal coating was used to ensure physical contacts between the 

deposited Mo nanoislands and the edges of the 2H-MoTe2 channels.  Previous 

experiments have shown that Mo nanoislands barely migrate during the synthesis of 1T′-

MoTe2, as depicted in the SEM images (Figure B.13). Therefore, it is important to make 
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sure the Mo nanoislands deposited for the synthesis of 1T′-MoTe2 are in direct contact 

with the edges of the 2H-MoTe2 channels; otherwise, 2H/1T′ homojunctions cannot be 

formed. 

 

4.1.2 Material Characterizations 

An optical image of sequentially-grown few-layer 2H/1T′ MoTe2 homojunctions 

is shown in Figure 4.2a. The rectangular regions are patterned 2H-MoTe2 channels, 

which are embedded in a 1T′-MoTe2 matrix. Raman spectra (Figure 4.2b) indicate that 

the materials inside and outside the rectangles are composed of 2H and 1T′ MoTe2, 

respectively. The phase-specific characteristic Raman peaks are 𝐴1𝑔 172 cm
-1

, 𝐸2𝑔
1  232 

cm
-1

, 𝐵2𝑔 287 cm
-1

 for few-layer 2H-MoTe2 and 𝐴𝑢 108 cm
-1

, 𝐴𝑔 127 cm
-1

, 𝐵𝑔 161 cm
-1

, 

𝐴𝑔 258 cm
-1

 for few-layer 1T′-MoTe2. Raman intensity maps of 2H-MoTe2 𝐸2𝑔
1  232 cm

-1
 

peak (Figure 4.2c) and 1T′-MoTe2 𝐵𝑔 161 cm
-1

 peak (Figure 4.2d) clearly show abrupt 

junctions between 2H- and 1T′- MoTe2 regions. These results indicate that the phase of 

2H-MoTe2 (grown first) is conserved without phase change or decomposition during 

synthesis of 1T′-MoTe2. 

Figure 4.3a shows an optical image of an as-fabricated 2H/1T′ 

MoTe2 homojunction FET with Ti/Au contacts. It is unclear if the topographic features 

on the 1T′-MoTe2 surfaces shown in the AFM height image (Figure 4.3b) come from the 

synthesis and/or fabrication process, and further investigation is needed. The height line 

profile shows that there are sharp junctions between the 2H- and 1T′- MoTe2 regions, 

though the 1T′-MoTe2 region is ~18-nm thicker than the 2H-MoTe2 region. This 

thickness difference (Figure 4.3c) might be due to the variations in the thickness of the 
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initial Mo nanoislands and the expansion coefficient of unit cell volume from Mo to 

MoTe2. Thicker Mo nanoislands were deposited intentionally for the synthesis of 1T′-

MoTe2 to compensate for the recess in the SiO2 etched during the mesa patterning. The 

thickness measurements suggest that the thickness of Mo nanoislands for the synthesis of 

1T′-MoTe2 can be reduced. More sophisticated characterization is needed to better 

understand the morphology and chemical bonding at the sequentially-grown interface. 

 

Figure 4.2: Raman mapping of sequentially-grown 2H/1T′ MoTe2 homojunctions. (a) 

Optical image of sequentially-grown 2H/1T′ MoTe2 homojunctions on a SiO2/Si 

substrate. Two rectangular 2H regions are surrounded by 1T′ matrix. (b) Raman spectra 

taken from the 2H and 1T′ regions in (a) with an excitation laser with a wavelength of 

633 nm and a power of 1 mW. The typical modes are: 𝐴1𝑔 172 cm
-1

, 𝐸2𝑔
1  232 cm

-1
, 𝐵2𝑔 

287 cm
-1

 for 2H-MoTe2 and 𝐴𝑢 108 cm
-1

, 𝐴𝑔 127 cm
-1

, 𝐵𝑔 161 cm
-1

, 𝐴𝑔 258 cm
-1

 for 1T′-

MoTe2. (c)-(d) Raman intensity maps of the 𝐸2𝑔
1  mode of the 2H-MoTe2 and the 𝐵𝑔 mode 

of the 1T′-MoTe2 taken from the white dashed rectangle in (a).  
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Figure 4.3: AFM of sequentially-grown 2H/1T′ MoTe2 homojunctions. (a) Optical image 

of an as-fabricated 2H/1T′ MoTe2 homojunction FET on a SiO2/Si substrate. The scale 

bar is 5 um. (b) AFM height map of the region in the white dashed box in (a). (c) The 

height profile along the horizontal white line in (b) showing that the thickness difference 

between 2H- and 1T′- MoTe2 is around 18 nm. 

 

4.1.3 Transport Characterizations 

Similar to the analysis of the in-situ-grown 2H/1T′ MoTe2 homojunctions, three 

types of FETs were fabricated based on the sequentially-grown MoTe2 homojunctions: (1) 

1T′-only, (2) 2H-only, and (3) 2H/1T′ homojunction FETs. The room-temperature 

transfer characteristics of the sequentially-grown MoTe2 devices are shown in Figure 4.4a. 

The 1T′-only devices exhibit a high drive current and no backgate voltage modulation 

confirming the metallic nature of 1T′-MoTe2. The 2H/1T′ devices perform better than the 

2H-only devices confirms a higher electrical conductivity at the sequentially 2H/1T′ 

interface compared to the metal/2H interface. These substrate-gated sequentially-grown 

MoTe2 FETs show slightly better device characteristics than those of the in-situ-grown 

MoTe2 FETs (Figure 4.4b). Similarly, the performance of the sequentially-grown 

homojunction FETs are also non-ideal as they are fabricated essentially based on the 

flux-controlled phase-engineering synthesis method, which led to a relatively large 

interface trap density (due to unreacted Mo and the formation of MoO3 at the 

MoTe2/SiO2 interfaces).  



 

 85 

 

Figure 4.4: Room-temperature transfer characteristics of the 2H-only, 1T′-only and 

2H/1T′ homojunction FETs fabricated on (a) sequentially-grown and (b) in-situ-grown 

MoTe
2
 films. All the transfer characteristics were taken at V

DS
 = 0.1 V. For sequentially-

grown FETs, both the 2H-only and 1T′-only devices have a channel length of 4 um and 

width of 10 μm. The 2H/1T′ device has a channel length of 4 μm, width of 10 μm, and 

contact spacing of 10 μm. For the in-situ-grown FETs, the 2H-only device has a channel 

length of 3 μm and width of 21 μm. The 1T′-only device has a channel length of 3 μm 

and width of 5 μm. The 2H/1T′ device has a channel length of 18 μm, width of 9 μm, and 

contact spacing of 23 μm.  

 

Temperature-dependent transport characterizations were further performed to 

investigate the band alignments at the sequentially-grown metal (Ti)/2H-MoTe2 and 

2H/1T′ MoTe2 interfaces. Figure 4.5 shows the temperature-dependent transport 

characteristics of a sequentially-grown 2H-only and 2H/1T′ homojunction MoTe2 FET. 

The results show that the current of the 2H/1T′ homojunction device is in the mobility-

limited regime whereas the current of the 2H-only device is limited by thermionic 

transport associated with the metal/2H-MoTe2 interface, similar to the behaviors of the 

in-situ-grown MoTe2 FETs (Figures 3.4c-f). Bias-dependent Schottky barriers at the 

sequentially-grown metal (Ti)/2H-MoTe2 and 2H/1T′ MoTe2 interfaces (Figure 4.6) 

extracted from the temperature-dependent transfer characteristics (Figures 4.5a-b) are 

also consistent with those of the in-situ-grown interfaces (Figure 3.6c). Temperature-
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dependent experimental results confirm that the sequentially-grown MoTe2 films and the 

in-situ-grown MoTe2 films have comparable electrical properties.  

 

 

Figure 4.5: Temperature-dependent transport characteristics of the sequentially-grown 

2H-only and 2H/1T′ homojunction MoTe2 FETs.  (a, b) Transfer characteristics (ID vs 

VBG) of (a) 2H-only device and (b) 2H/ 1T′ device at VDS = −0.1 V for temperatures of 77 

K (black curve) and from 100 K (red curve) to 300 K (olive curve), in steps of 20 K. (c, 

d) Output characteristics (ID vs VDS) of (c) 2H-only and (d) 2H/1T′ device for VBG varying 

from −60 V (top curve) to +40 V (bottom curve) in steps of +10 V at T = 77K (black 

points) and T = 300 K (olive points). The 2H-only device has a channel length of 2 μm 

and width of 10 μm. The 2H/1T′ device has a channel length of 3 μm, width of 10 μm, 

and contact spacing of 8 μm.  
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Figure 4.6: Effective Schottky barrier height of the sequentially-grown 2H-only device 

(closed red circles) and 2H/1T′ device (closed blue circles) in the high-temperature 

regime as a function of V
BG

. 

 

4.2  Sequentially-Grown 2H-MoS2/1T′-MoTe2 Heterojunction 

4.2.1 Device Fabrication 

The two-step lithographic synthesis approach in Figure 4.1 is slightly modified to 

fabricate lateral 2H-MoS2/1T′-MoTe2 heterojunctions. 2H-MoS2 flakes were first 

synthesized by co-evaporation of MoO3 and S using a CVD method (Appendix C.6). The 

synthesized MoS2 flakes are randomly distributed triangular flakes with large side lengths 

up to ~80 μm; however, large-area continuous MoS2 films are still preferred in the future. 

The rest of the process remains the same.  

 

4.2.2 Material Characterizations 

Figure 4.7a is an optical image of sequentially-grown lateral 2H-MoS2/1T′-

MoTe2 heterojunctions on a 100 nm SiO2/Si substrate. The patterned rectangular channel 
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regions are partially covered with 2H-MoS2. Anywhere outside the rectangular regions is 

covered with 1T′-MoTe2. The triangular footprint of the original 2H-MoS2 is still visible 

due to the micro masking effect in plasma etch. Raman spectra taken from 2H-MoS2 and 

1T′-MoTe2 regions (Figure 4.7b) show the typical Raman modes 𝐸2𝑔
1  381 cm

-1
, 𝐴1𝑔 403 

cm
-1

 for 2H-MoS2 and 𝐴𝑢  108 cm
-1

, 𝐴𝑔  127 cm
-1

, 𝐵𝑔  161 cm
-1

, 𝐴𝑔  258 cm
-1

 for 1T′-

MoTe2, respectively. Raman maps of 2H-MoS2 𝐸2𝑔
1  381 cm

-1
 peak (Figure 4.7c) and 1T′-

MoTe2 𝐵𝑔 161 cm
-1

 peak (Figure 4.7d) clearly show abrupt junctions between 2H-MoS2 

and 1T′-MoTe2 regions. No 2H-MoS2 Raman signals were detected outside the patterned 

rectangular regions. The fact that the 2H-MoS2 survived during the synthesis of 1T′-

MoTe2 suggests that this two-step lithographic synthesis approach has the potential to 

create various TMDC heterojunctions as long as the first grown TMDC can preserve its 

phase or crystal structure during the synthesis of the second TMDC. Again, the structural 

properties of the sequentially-grown interfaces need to be further characterized using 

more sophisticated techniques. 

AFM analysis of the sequentially-grown 2H-MoS2/1T′-MoTe2 heterojunction is 

shown in Figure 4.8. The region that was studied is shown in Figure 4.8a. The AFM 

height map (Figure 4.8b) and the height line profile (Figure 4.8c) of the sequentially-

grown 2H-MoS2/1T′-MoTe2 heterojunctions in Figure 4.8a again confirms the abrupt 

junctions between the 2H-MoS2 and 1T′-MoTe2 regions. The 1T′-MoTe2 region above 

the surface of SiO2 has similar thickness (~3.3 nm) to the 2H-MoS2 region but shows a 

larger surface roughness. 
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Figure 4.7: Raman mapping of lateral 2H-MoS2/1T′-MoTe2 heterojunctions. (a) Optical 

image of 2H-MoS2/1T′-MoTe2 heterojunctions on a 100 nm SiO2/Si substrate. The 

rectangular regions are the patterned channel regions partially covered by 2H-MoS2. 

Areas outside the patterned channel regions are 1T′-MoTe2. The triangular outline of the 

original 2H-MoS2 flake is visible due to the micro masking effect in plasma etch. (b) 

Raman spectra taken from the 2H-MoS2 and 1T′-MoTe2 regions in (a) with an excitation 

laser with a wavelength of 633 nm and a power of 1 mW. The typical modes are 𝐸2𝑔
1  381 

cm
-1

, 𝐴1𝑔 403 cm
-1

 for 2H-MoS2 and 𝐴𝑢 108 cm
-1

, 𝐴𝑔 127 cm
-1

, 𝐵𝑔 161 cm
-1

, 𝐴𝑔 258 cm
-

1
 for 1T′-MoTe2. (c)-(d) Raman intensity maps of the 𝐴1𝑔 mode of the 2H-MoS2 and the 

𝐵𝑔 mode of the 1T′-MoTe2 of the region in the white dashed rectangle in (a).  
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Figure 4.8: AFM of sequentially-grown 2H-MoS2/1T′-MoTe2 heterojunctions. (a) Optical 

image of 2H-MoS2/1T′-MoTe2 heterojunctions on a SiO2/Si substrate. The rectangular 

regions are the patterned channel regions partially covered by 2H-MoS2. Areas outside 

the pattern channel regions are 1T′-MoTe2. The triangular footprint of the original 2H-

MoS2 flake is visible due to the micro masking effect in plasma etching. (b) AFM height 

map of the region in the white dashed box in (a). The red dashed lines are the outlines of 

the patterned channel regions. The orange dashed line is the outline of the original 2H-

MoS2 flake. (c) Height profile along the horizontal white line in (b) showing that both 

2H-MoS2 and 1T′-MoTe2 (the part above the surface of SiO2) are ~3.3 nm thick, but 1T′-

MoTe2 has a larger surface roughness. 

 

4.2.3 Transport Characterizations 

FETs based on sequentially-grown 2H-MoS2/1T′-MoTe2 heterojunctions were 

fabricated on a Si substrate with 100-nm-thick SiO2 which acted as the gate dielectric. 

Ti/Au (10 nm / 80 nm) were deposited as the contact metals. Figure 4.9a shows the room-

temperature transfer characteristics of a heterojunction FET with a channel length of 3 

μm and width of 14 μm, and a contact spacing of 11 μm. The channel length is defined as 

the length of the region between two 1T′-MoTe2 regions. The device is indicated by an 

arrow in the inset of Figure 4.9a, an optical image of a series of backgated heterojunction 

FETs. The device exhibits n-type behavior having a ~ 10
5
 current ION/IOFF ratio and a 

~0.6 V/dec subthreshold slope. The OFF-state leakage current is extremely low, limited 

by the noise floor of the measurement setup. However, the ON-state drive current is also 

low, only in the nA/µm range.  
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Figure 4.9: Room-temperature transport characteristic of the 2H-MoS2/1T′-MoTe2 

heterojunction FETs fabricated using the two-step synthesis approach. (a) Transfer 

characteristics of a heterojunction FET with a channel length of 3 μm and width of 14 

μm, and a contact spacing of 11 μm. The inset is an optical image of a series of backgated 

heterojunction FETs and the device under test is pointed to by the white arrow. Contact 

figures are slightly misaligned with the 1T′-MoTe2 regions. The scale bar is 10 μm. (b) 

Output characteristics of the same device for VBG ranging from -20 V to 20 V with a 5 V 

step.  

 

In a control experiment, Ti/Au metal contacts were directly made to the 2H-MoS2 

flakes to create 2H-only MoS2 n-MOSFETs. The measured room-temperature transport 

characteristics of a 2H-only MoS2 FET with a channel length of 2 μm and width of 20 μm 

are shown in Figure 4.10. The device exhibits slightly higher drive current but worse 

subthreshold slope (~10 V/dec) and current ION/IOFF ratio (~ 10
4
) compared to the 2H-

MoS2/1T′-MoTe2 heterojunction FET. Therefore, the intrinsic quality of the CVD-grown 

MoS2 might be one cause for the low drive current. Other possible causes include the 

high contact resistance at the metal/1T′-MoTe2 interfaces due to contaminations, as also 

seen from the unsaturated output characteristics in Figure 4.9b, and the large energy 

barrier at the 2H-MoS2/1T′-MoTe2 interfaces.  

 



 

 92 

 

Figure 4.10: Room-temperature transport characteristic of the CVD 2H-MoS2 device with 

substrate gate (100 nm SiO2/Si). (a) Transfer characteristics of the device with a channel 

length of 2 μm and width of 20 μm at different VDS values. (b) Output characteristics of 

the same device at different VBG values. 

 

Temperature-dependent transport characterizations were performed to extract the 

Schottky barrier at the sequentially-grown 2H-MoS2/1T′-MoTe2 interface. Figures 4.11a 

and 4.11b show the temperature-dependent transfer and output characteristics of a 

sequentially-grown 2H-MoS2/1T′-MoTe2 heterojunction n-MOSFET, respectively. The 

current ION/IOFF ratio reduces and the nonlinearity of the output curves increases with 

decreasing temperature, suggesting that the current is limited by the thermionic transport 

associated with the 2H-MoS2/1T′-MoTe2 interface. The extracted Schottky barrier 

(Figure 4.11c) further confirms the large energy barrier at the interface. According to our 

Schottky barrier extraction for the 2H-MoTe2/1T′-MoTe2 interface, the Fermi level of 

1T′-MoTe2 is 10’s meV above the valence band of 2H-MoTe2. Therefore, if there are no 

interface states available, the Fermi level of 1T′-MoTe2 should be aligned near the middle 

of the band gap of 2H-MoS2 resulting in a large barrier for electron transport (Figure 

4.11d). This energy barrier for electrons (holes) can be reduced by combining 2H-MoS2 

with other metallic TMDCs which have a Fermi level close to the conduction (valence) 
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bands of 2H-MoS2. 

 

Figure 4.11: Temperature-dependent transport characteristics of a sequentially-grown 

2H-MoS2/1T’-MoTe2 heterojunction n-MOSFET. (a) Transfer characteristics (ID vs VBG) 

of the device at VDS = 0.1 V for temperatures of 77 K (black curve) and from 100 K (red 

curve) to 300 K (olive curve), in steps of 20 K. (b) Output characteristics (ID vs VDS) of 

the device for VBG varying from −10 V (bottom curve) to +40 V (top curve) in steps of 

+10 V at T = 77 K (black points) and T = 300 K (olive points). The device has a channel 

length of 2 μm, width of 14 μm, and contact spacing of 10 μm.  (c) Effective Schottky 

barrier height of the device in the high-temperature regime as a function of VBG. (d) 

Illustration of the band alignment for 2H-MoTe2/1T’-MoTe2 and 2H-MoS2/1T’-MoTe2 

interfaces. The Fermi level of 1T’-MoTe2 is based on our experimental Schottky barrier  

extraction. The calculated band alignment for 2H-MoS2 and 2H-MoTe2 is adapted with 

permission from the reference [25]. The vacuum level is taken as zero reference.  

 

 

4.3 Integration of Top Gate Dielectric 

The ultimate goal is to utilize this two-step lithographic synthesis approach to 

develop a scaled process flow for fabricating top-gated TMDC-based MOSFETs with 
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self-aligned, phase-engineered contacts. Figure 4.12 illustrates this self-aligned process 

for the fabrication of 2H/1T′ MoTe2 homojunction p-MOSFETs. Again, this process can 

be extended to create various TMDC heterojunctions for both n- and p-MOSFETs. Such 

a process could be compatible with standard self-aligned VLSI processing, thus allowing 

ultimate-scaled devices to be achieved. 

 

Figure 4.12: Fabrication of lateral 2H/1T′ MoTe2 homojunction p-MOSFETs with self-

aligned, phase-engineered contacts. (a) 2H phase MoTe2 synthesis. (b) HfO2 deposition. 

(c) Gate deposition and lift off. (d) Channel patterning. (e-f) Mo deposition and lift off. 

(g) 1T′ MoTe2 synthesis. (h) Contact metal deposition and lift off. 

 

This self-aligned fabrication process requires integration of ultra-thin and high-

quality high-ĸ dielectrics on TMDCs. ALD is commonly adapted to deposit ultra-thin 

high-ĸ dielectrics owing to its capability in producing conformal and uniform thin films 

without damage. However, due to the lack of surface dangling bonds (binding sites for 

precursor deposition) on the basal plane of TMDCs, integration of thin high-ĸ dielectrics 

directly on TMDCs using ALD remains challenging. For example, sub-10 nm Al2O3 
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films directly deposited on MoS2 using ALD forms island-like clusters with large 

pinholes (Figure 4.13) [ 218 ]. Over the past decade, many techniques have been 

developed to deposit high-quality high-κ dielectrics on 2D materials, including using 

interfacial layers, such as oxidized metal layers and hBN [219, 220], and using surface 

treatment, such as ozone, mild (O2) plasma, or electron beam irradiation [221, 222, 223]. 

However, all those methods have their own drawbacks. They could either degrade the 

quality of 2D materials via surface oxidation or further increase the process complexity. 

The metal oxidation process suffers from the inherent roughness of evaporated metal 

films as well as damages by high-energy metal ions [219]. The 2D dielectric, hBN, 

exhibits high gate leakage currents due to its small band gap (~7 eV), low dielectric 

constant (5.06), and unfavorable band offsets to most 2D materials [220]. 

Ozone/O2/plasma/electron irradiation treatments involve high-energy and reactive species 

that can introduce defects and interface states [221, 222, 223].  

 

Figure 4.13: AFM images of sub-10 nm Al2O3 films deposited on MoS2 flakes after 120 

ALD cycles at 200 °C [218]. (a) Direct growth of the Al2O3 films on MoS2 flakes. (b) 

The corresponding 3D images of (a). The scan size is 1 μm by 1 μm.  

 

Recently, W. Li et al. reported the robust ALD of highly uniform high-κ dielectric 

with one-nanometer equivalent oxide thickness on 2D semiconductors by using 

monolayer (ML) 3,4,9,10-perylene-tetracarboxylic dianhydride (PTCDA) as a seeding 
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layer [224]. Figure 4.14a illustrates an HfO2/ML PTCDA/2D material hybrid structure. 

PTCDA is layered material with ~0.3 nm interlayer distance corresponding to the 𝜋 -𝜋 

stack direction. When grown on 2D materials, it self-assembles into a herringbone lattice 

stabilized by hydrogen bonding [225]. ML PTCDA can be easily deposited on 2D 

materials using physical vapor deposition (PVD) [226]. The carbonyl functional groups 

in PTCDA molecules serve as closely distributed sites for ALD nucleation. Using ML 

PTCDA seeding layer, HfO2 dielectrics with thickness down to 2 nm deposited on 

graphene, hBN, and MoS2 are very smooth, as shown in the bright-field cross-section 

STEM images (Figure 4.14b). The n-type MoS2 FET (p-type WSe2 FET) with 3 nm HfO2 

gate dielectric (EOT = 1.3 nm) exhibit on/off ratio of 10
7
 (10

6
) and near-Boltzmann-limit 

SS of 60 (67) mV/dec. These results suggest that ML PTCDA is an excellent seeding 

layer for depositing ultra-thin high-quality gate dielectrics on 2D materials. This chapter 

demonstrates our preliminary results when adapting this technique to integrate thin HfO2 

on FETs based on our CVD-grown MoTe2. 

 

Figure 4.14: ALD of highly uniform high-κ dielectric with one-nanometer equivalent 

oxide thickness on 2D semiconductors by using ML PTCDA [224]. (a) Schematic 

illustration of the hybrid ML PTCDA/HfO2 gate stack on 2D materials. Inset shows a 10 

nm×10 nm high-resolution STM scan of ML PTCDA on graphene. (b) Cross-sectional 

STEM bright-field image of ML PTCDA/HfO2 on graphene (top), MoS2 (middle) and h-

BN (bottom), respectively. The thickness of HfO2 and PTCDA layer are marked, 

respectively. Scale bar are 5 nm.  
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4.3.1 Deposition of HfO2 on 2H-MoTe2 

The top-gate fabrication started by first growing a few-layer 2H-MoTe2 film on a 

SiO2/Si substrate using the flux-controlled phase engineering method. To compare the 

deposition of PTCDA on SiO2 and 2H-MoTe2, the film was scratched by tweezers to 

expose SiO2 in some regions. Next, ML PTCDA was deposited on the substrate using 

PVD. Details of the PVD method are provided in Appendix C.7.  Figure 4.15a shows an 

optical image of a scratched region after ML PTCDA deposition. Raman spectra (Figure 

4.15b) taken from a spot on the 2H-MoTe2/ML PTCDA stack exhibit typical Raman 

peaks 𝐴1𝑔 172 cm
-1

, 𝐸2𝑔
1  232 cm

-1
, 𝐵2𝑔 287 cm

-1
 for few-layer 2H-MoTe2 (indicated by 

red arrows) and Raman peaks 𝐴𝑔 1303 cm
-1

, 𝐴𝑔 1383 cm
-1

, 𝐴𝑔 1573 cm
-1

, 𝐴𝑔 1590 cm
-1

 

for ML PTCDA (indicated by blue arrows). Raman intensity maps of 2H-MoTe2 𝐸2𝑔
1  232 

cm
-1

 peak (Figure 4.15c) and ML PTCDA 𝐴𝑔 1303 cm
-1

 peak (Figure 4.15d) show that 

ML PTCDA was deposited only on 2H-MoTe2, not on SiO2. It is because ML PTCDA 

was stabilized on the surface of 2H-MoTe2 by hydrogen bonding and 𝜋 -𝜋 interactions. 

Next, ~6nm-thick HfO2 was deposited at 150 ℃ by ALD using 

Tetrakis(dimethylamido) hafnium (TDMAH) and H2O as precursors. Details of the HfO2 

deposition are provided in Appendix C.8.  Figure 4.16 shows the AFM height maps for a 

2H-MoTe2 film, a 2H-MoTe2/ML PTCDA stack after ML PTCDA deposition, and a 2H-

MoTe2/PTCDA/HfO2 stack after HfO2 deposition. After ML PTCDA deposition, the 

height was uniformly increased by ~0.3-0.4 nm, consistent with the height of ML 

PTCDA. The ML PTCDA film was highly crystalline and uniform with RMS similar to 

that of the 2H-MoTe2 underneath. After HfO2 deposition, no change in the height 
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indicates that uniform HfO2 was deposited over the entire substrate. The deposited HfO2 

was pinhole-free with low RMS of ~0.4 nm. 

 

 

Figure 4.15: Raman mapping of 2H-MoTe2/ML PTCDA stacks on a SiO2/Si substrate. (a) 

Optical image of 2H-MoTe2 flakes covered with ML PTCDA. (b) Raman spectra taken 

from the red spot in (a) with an excitation laser with a wavelength of 633 nm and a power 

of 1 mW. The typical modes are 𝐴1𝑔 172 cm
-1

, 𝐸2𝑔
1  232 cm

-1
, 𝐵2𝑔 287 cm

-1
 for few-layer 

2H-MoTe2 and 𝐴𝑔  1303 cm
-1

, 𝐴𝑔  1383 cm
-1

, 𝐴𝑔  1573 cm
-1

, 𝐴𝑔  1590 cm
-1

 for ML 

PTCDA. (c)-(d) Raman intensity maps of the 𝐸2𝑔
1  232 cm

-1
 mode of 2H-MoTe2 and the 

𝐴𝑔 1303 cm
-1

 mode of PTCDA, respectively. PTCDA peak intensity was only detected 

on 2H-MoTe2. 
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Figure 4.16: AFM height maps and profiles of a 2H-MoTe2 flake on a SiO2/Si substrate at 

different steps of HfO2 integration. (a)-(b) a 2H-MoTe2 film synthesized using the flux-

controlled phase engineering method. The 2H-MoTe2 flake has a thickness of ~6.7 nm 

and RMS of ~0.57 nm. The SiO2 substrate has a RMS of ~0.22 nm. (c)-(d) The 2H-

MoTe2/ML PTCDA stack after monolayer (ML) PTCDA deposition. The 2H-MoTe2/ML 

PTCDA stack has a thickness of ~7.1 nm and RMS of ~0.53 nm. It suggests that ML 

PTCDA (~0.3 nm) was deposited on 2H-MoTe2. The RMS of SiO2 is still ~0.22 nm. (e)-

(f) The 2H-MoTe2/ML PTCDA/HfO2 stack after ~6 nm HfO2 deposition using ALD. 

Since HfO2 was deposited everywhere, the step height did not change. The 2H-

MoTe2/ML PTCDA/HfO2 stack has RMS of ~0.4 nm and the HfO2/SiO2 stack has RMS 

of ~0.16 nm. 

 

4.3.2 Dielectric Properties of HfO2 

To study the dielectric properties, 2H-MoTe2 p-MOSFETs with ML PTCDA/6 

nm HfO2/10 nm Ni/100 nm Au as the top-gate stack were fabricated. 2H-MoTe2 films 

were synthesized using the flux-controlled phase engineering method. The top-gated 

devices did not show improved transport characteristics (Figure 4.17) compared to the 

substrate-gated device, which might be attributed to the poor top interface quality due to 

surface roughness, contamination from the fabrication process, or oxidation of the 

topmost 2H-MoTe2 layer. However, the gate leakage (red curve in Figure 4.17a) was less 
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than 10 pA/μm at top-gate voltages, VTG = ±3V, close to the breakdown voltage for ~6 

nm-thick HfO2 (~0.6-0.9 V/nm breakdown field [227]), confirming the high quality of the 

HfO2 film. Future work includes: (1) verifying the properties of the HfO2 dielectrics 

using pristine TMDC materials, such as exfoliated layers, (2) studying the surface 

morphology of CVD-grown TMDCs using TEM/STEM, and (3) developing techniques 

to clean the surface of CVD-grown TMDCs before deposition of the PTCDA and HfO2. 

 

Figure 4.17: Room-temperature transport characteristic of the top-gated 2H-MoTe2 p-

MOSFETs.  (a) Transfer characteristics of a device with a gate length of 2 μm, channel 

length of 4 μm and channel width of 22 μm at VDS = -0.1 V. The device is pointed by the 

white arrow in the inset. The inset is an optical image of a series of 2H-MoTe2 p-

MOSFETs with ~6nm-thick HfO2 dielectric and Ni/Au top gate on a SiO2/Si substrate. 

The brighter wires are Ni/Au (10 nm/ 100 nm) top gates and the darker wires are Ti/Au 

(10 nm/ 80 nm) contacts. (b) Output characteristics of the same device for VBG ranging 

from -3 V to 3 V with a 0.5 V step. 

 

4.4 Summary 

A two-step lithographic synthesis approach for fabricating lateral 2H/1T′ MoTe2 

homojunctions and 2H-MoS2/1T′-MoTe2 heterojunctions has been demonstrated. The 

sequentially-grown 2H/1T′ MoTe2 homojunction FETs fabricated using this method 

show p-type behavior similar to that of the in-situ-grown MoTe2 homojunction p-

MOSFETs. The sequentially-grown 2H-MoS2/1T′-MoTe2 heterojunction FETs exhibit n-
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type behavior with high current ION/IOFF ratio, good subthreshold slope and low OFF-state 

current. However, the ON-state derive current is relatively low. The preliminary results 

verify that this two-step lithographic synthesis approach has potential to be utilized to 

create complementary TMDC-based MOSFETs. More structural and electrical 

characterizations are needed to better understand the properties of the sequentially-grown 

junctions.  

The integration of thin high-quality dielectrics on 2H-MoTe2 by ALD using a 

PTCDA seeding layer has also been investigated. This is one of the essential steps to 

utilize the two-step lithographic synthesis approach to enable a scaled process flow for 

the fabrication of high-performance top-gated MOSFETs with self-aligned, phase-

engineered contacts. Although Raman and AFM results showed that the deposited HfO2 

has good uniformity, unfortunately, the HfO2-gated 2H-MoTe2 p-MOSFETs did not 

exhibit improved device characteristics compared to the substrate-gated ones, which 

might be due to the nonideality at the top interface. However, the HfO2 did show low 

leakage current at high bias voltages indicating good dielectric properties of the HfO2. 

More experiments are needed to verify the interface quality of the HfO2 deposited on 

MoTe2 using the ALD method. 
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CHAPTER 5 PHASE TRANSITION BY GATE-

CONTROLLED LITHIUM INTERCALATION 

Due to the large reduction in contact resistance, the resistance of the 2H/1T′ 

MoTe2 homojunction FETs is dominated by the 2H channel properties. Dynamic and 

reversible control of the channel resistance via the semiconducting 2H to metallic 1T′ 

transition can make such a structure operate as a phase-change memory (PCM) device. 

As discussed in Chapter 1.5.1, tuning the phases in multilayer TMDCs requires a large 

charge doping level, which can be achieved by conventional high-κ dielectrics (such as 

HfO2) but can be reached by electrostatic doping through ionic liquid gating [194] and 

chemical doping through lithium intercalation [95]. The ionic liquid gating is a reversible 

process but it has a small screening length (< 1 nm), meaning that it can only induce 

phase transition in monolayer TMDCs or the top-most layer of multilayer TMDCs. In 

contrast, the lithium intercalation can induce higher doping concentration and dope each 

individual layer in multilayer TMDCs, but it is an irreversible process.  

In order to utilize our multilayer MoTe2 homojunction FETs as PCM devices, a 

reversible gating mechanism that can induce phase transition in each individual layer is 

required. To realize it, a lithium-ion-based solid electrolyte (Li electrolyte) has been 

considered because it can electrochemically dope each individual layer through lithium 

intercalation controlled dynamically by gate voltage (an electrochemical doping 

mechanism). Generally, the Li electrolyte has several advantages over the liquid polymer 

electrolytes for studying the phase transition in multilayer TMDCs: (1) Owing to the 

smaller size of Li
+
 ions (accumulated closer to the electrodes), it has large capacitance 

and breakdown voltage enabling high electrostatic doping concentration at low gate 
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voltages [228]. (2) At high gate voltages, Li
+
 intercalation can be induced in-between 

layered TMDCs far beyond the electrostatic screening length (< 1 nm). Due to the large 

interlayer spacing of TMDCs, Li
+
 ions can be driven in and out of layered TMDCs 

through a large gate electric field leading to high doping levels in each atomic layer. Y. 

Yu et al. has reported a phase transition in ~13 nm-thick TaS2 by gate-controlled Li
+
 

intercalation using a Li electrolyte [229]. (3) Li electrolytes are nearly transparent, 

allowing simultaneous in situ optical and electrical characterizations. (4) The solid nature 

makes it compatible with conventional CMOS fabrication techniques. Conductive 

polymer materials can be integrated above the solid electrolyte as gate electrodes using 

standard photolithographic process. 

Figure 5.1a shows a schematic illustration of a PCM device concept based on the 

monolayer 2H/1T′ MoTe2 homojunction FETs with Li electrolyte gating (Li electrolyte 

FETs). The resistance state of the device switches from a high-resistance state to a low-

resistance state when the channel material is switched from the 2H phase to 1T′ phase, 

and vice versa. The phase transition can be detected both optically and electrically. For 

optical detection, given that different structural phases exhibit distinct phonon vibration 

modes, Raman spectroscopy can be used to characterize the phase evolution of the 

channel when sweeping the gate voltage. For electrical detection, the change in the 

channel resistance can be read out from the device output characteristic, namely, the 

drain current vs. drain-to-source voltage (ID-VDS) curve (Figure 5.1b). The ID-VDS curve 

should display a dramatic change when the channel is switched.  
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Figure 5.1: (a) Proposed phase-change memory device based on CVD 2H/1T′ MoTe2 

homojunction FETs with lithium-ion-based solid electrolyte in a side-gated configuration. 

It is worth noting that polymer gate electrodes can also be integrated on top of the 

electrolyte. (b) Expected behavior of the drain current vs. drain-to-source voltage (ID-

VDS) curves resulting from the 2H to 1T′ phase transition. 

 

One of the concerns for such a device is the slow movement of ions which may 

result in a hysteresis effect and limit the speed of the device. Inspiringly, the molecular 

dynamics simulations by K. Xu et al. (Figure 5.2) showed that the timescale for EDL 

formation to 10
13

 cm
−2

 can be reduced to nanoseconds in Li electrolyte at sufficiently 

high field strength (i.e., tens of mV/nm) [230]. Therefore, the Li electrolyte has the 

potential to be made high-speed if the polymer architecture, ion concentration, and 

additives in the electrolyte are carefully designed to reach high field strength. 

In the following sections, the gate-controlled Li
+
 intercalation induced phase 

transition in the CVD-grown 2H/1T′ MoTe2 homojunction, exfoliated monolayer and 

few-layer MoTe2, exfoliated few-layer MoS2, and pre-lithiated few-layer MoS2 flakes is 

explored. Devices fabricated on those materials are gated through a Li electrolyte and the 

phase of those materials is monitored by Raman spectroscopy. A reversible 2H/1T′ phase 

transition in pre-lithiated few-layer MoS2 flake is observed, which has the potential to be 

utilized in our proposed PCM device concept. 

 



 

 105 

 

Figure 5.2: Charge density vs time during EDL formation from both simulation (left 

panel, light blue to dark blue indicate 50−100 mV/nm) and experiment (right panel, 

yellow to green indicate Epulse from 0.3 to 2.3 mV/nm). The lower dashed line 

corresponds to no EDL formation, and the top dashed line corresponds to a formed EDL 

with a charge density of 6 × 10
13

 cm
−2

. Reprinted with permission from [230]. Copyright 

(2018) American Chemical Society. 

 

5.1 Experimental Details 

5.1.1 Device Fabrication of Li Electrolyte FETs 

Few-layer 2H/1T′ MoTe2 homojunctions were synthesized on a 300 nm SiO2/Si 

substrate using the in situ flux-controlled phase engineering method (described in 

Chapter 2), followed by lithographic patterning and etching to form 1T′/2H/1T′ channels. 

Next, the contact and the side-gate electrodes were patterned and deposited with 10 nm 

Ti/80 nm Au metals using electron beam lithography and deposition. Contact electrodes 

were deposited on the 1T′ regions and the gate electrode (side-gate) was deposited ~20-

50 µm away from the channels, rather than above the channels. Details of the fabrication 

process are provided in Appendix C.4. A Li electrolyte was prepared by dissolving 

lithium perchlorate (LiClO4) in polyethylene oxide (PEO) matrix (PEO:LiClO4) with a 

weight ratio of 1:3.3. Specifically, 0.3 g LiClO4 (Sigma Aldrich) and 1 g PEO powders 

(Mw = 100,000, Sigma Aldrich) were mixed with 15 ml anhydrous methanol (Alfa 

Aesar). The mixture was stirred overnight with the temperature kept at 50 °C. The liquid 
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PEO:LiClO4 solution was drop-casted onto the substrate using a syringe and spread over 

the channels and electrodes. After application of the electrolyte, the substrate was 

annealed at 375 K under vacuum for 30 min to eliminate residual methanol and moisture. 

The substrate was kept under vacuum at all times during this process. 

 

5.1.2 Raman and Electrical Characterization Setups 

In order to apply a gate voltage while taking Raman spectra, the substrate was 

mounted on a customized holder which can connect the electrodes of the devices on the 

substrate to external power sources. The side-gate voltage, VSG, was applied between the 

side-gate electrode and the source electrode of the Li electrolyte FETs using a Keithley 

2450 source meter. A schematic of the Li electrolyte FETs with electrical connections is 

shown in Figure 5.3. Raman spectra were taken in air at various side-gate voltages with 

532 nm laser excitation with a Witec confocal spectrometer using a 100× long working 

distance objective. Laser power was kept below 1 mW to eliminate the chance of 

inducing sample damages or the 1T′ phase by laser irradiation. To reduce the hysteresis 

resulting from the slow movement of molecules in the electrolyte, Raman spectra at each 

side-gate voltage were recorded 2 min after the voltage was set to a new value. For 

electrical measurement, the substrate was loaded in a vacuum probe station. The output 

characteristics (ID-VDS) were taken using a semiconductor analyzer (Keysight B1500A) 

under different VSG values. It is worth noting that this electrical measurement can also be 

taken while taking Raman spectroscopy using the customized holder. 
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Figure 5.3: Side-view schematic of a TMDC-based Li electrolyte FET with connections 

for gated-Raman and electrical characterizations.  

 

5.2 Li Electrolyte MoTe2 and MoS2 FETs 

5.2.1 Li Electrolyte FETs Based on 2H/1T′ MoTe2 homojunctions 

Gated Raman experiments were first performed to verify if the phase transition in 

in-situ-grown few-layer 2H/1T′ MoTe2 homojunctions can be induced by the 

PEO:LiClO4 electrolyte gating. Figure 5.4a-b shows optical images of an MoTe2 

homojunction FET capped with PEO:LiClO4 electrolyte before and after the gated 

Raman experiment. The side-gate voltage, VSG, was applied between the side-gate 

electrode (not shown) and the contact electrode marked with GND. Figure 5.4c-d shows 

Raman spectra taken from the 2H-MoTe2 channel when sweeping VSG from 0 V to 5 V 

(positive sweep, Figure 5.4c) and then from -1 V to -5V (negative sweep, Figure 5.4d) 

with 0.5 V step. VSG is kept within ± 5 V to avoid breakdown of the electrolyte as more 

than 1 A leakage current is observed at VSG = ± 5 V. When VSG = 0 V, the characteristic 

phonon modes of the channel 2H-MoTe2 are observed at 𝐴1𝑔 170 cm
-1

, 𝐸2𝑔
1  234 cm

-1
, and 

𝐵2𝑔 289 cm
-1

. The 𝐵2𝑔 vibration mode is found to be absent in bulk and monolayer 2H-

MoTe2, but is allowed for few-layer MoTe2 due to the breaking of translational symmetry 

[231]. All three peaks display a simultaneous intensity drop when VSG is swept from 0 V 
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to 5V (Figure 5.4c), but phonon modes of few-layer 1T′-MoTe2 (especially the 𝐵𝑔 166 

cm
-1

 and 𝐴𝑔 258 cm
-1

 modes) are not observed. The reduction in peak intensity indicates 

degradation of the flake (confirmed by Figure 5.4b), which might be due to combined 

effects of laser heating and electrochemical reaction with Li
+
 ions. 

 

Figure 5.4: Gated-Raman characterization of few-layer (5-6 layers) 2H/1T′ MoTe2 

homojunction FET. (a-b) Optical image of the FET capped with PEO:LiClO4 electrolyte 

(a) before and (b) after the gated Raman measurement. The side-gate electrode is not 

shown. (c-d) Raman spectra taken from the channel (within the red circle in (a)) when 

cycling the side-gate voltage, VSG, (c) from 0 V to 5 V and (d) from -1 V to -5 V with 

step of 0.5 V. The typical Raman modes for 2H- and 1T′-MoTe2 are indicated. 

 

Figure 5.4d shows the evolution of Raman spectra when VSG is swept negatively 

from -1 V to -5 V. Under negative VSG, negative ClO4
-
 ions accumulate on the MoTe2 

surface inducing electrostatic charges in the MoTe2, which is a nondestructive process. 

Therefore, no further degradation in peak intensity is observed under negative VSG. Again, 
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no 1T′-MoTe2 modes are observed. It is suspected that the carrier doping concentration 

induced by the PEO:LiClO4 electrolyte gating is insufficient to trigger phase transition in 

few-layer MoTe2 films. 

 

5.2.2 Li Electrolyte FETs Based on Exfoliated MoTe2 

In order to verify if the PEO:LiClO4 electrolyte has the capability to induce high 

enough carrier doping concentration, gated Raman experiments were performed on 

exfoliated monolayer (ML) 2H-MoTe2 flakes. ML 2H-MoTe2 flakes were exfoliated 

from bulk crystal using the mechanical exfoliation and then transferred onto a 300 nm 

SiO2/Si substrate using the PDMS dry transfer method (described in Chapter 1.2). Li 

electrolyte FETs were fabricated on the ML 2H-MoTe2 flakes following the fabrication 

process described in Chapter 5.1.1. An optical image of the fabricated device is shown in 

the inset of Figure 5.5a. Before carrying out the gated Raman experiment, the device 

characteristics of the Li electrolyte ML MoTe2 FET were compared with substrate gating 

through the 300 nm SiO2 substrate oxide and with side-gate gating through the 

PEO:LiClO4 electrolyte (Figure 5.5a-b). The characterizations with substrate gating were 

taken before the application of the PEO:LiClO4 electrolyte. With PEO:LiClO4 gating, the 

ON-state drive current is increased by more than one order of magnitude and the 

subthreshold slope (SS) is reduced by more than 2 orders magnitude. A SS of ~ 100 

mV/dec is achieved at VDS = 0.1 V with the PEO:LiClO4 gating, compared to > 15 V/dec 

with substrate gating. The results show that the PEO:LiClO4 electrolyte provides a larger 

doping concentration than the 300 nm SiO2 substrate, at even sub-1V. Larger doping 

levels are expected at even higher side-gate voltages, which might be sufficient for 
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inducing a phase transition in ML MoTe2 flake. However, this phase transition cannot be 

detected electrically using this FET structure as it is based on an exfoliated MoTe2 flake 

whose conductivity is limited by the contact resistance not by the channel resistance. 

Hence, the change of channel resistance will not be reflected significantly in the ID-VDS 

curves. 

 

Figure 5.5: Transfer characteristics of a FET based on exfoliated monolayer (ML) MoTe2 

flake (a) with substrate gating and (b) with PEO:LiClO4 electrolyte gating at VDS = 0.1 V. 

Corresponding subthreshold slopes (SS) are shown in (c) and (d), respectively. The inset 

of (a) is an optical image of the device before the application of PEO:LiClO4 electrolyte. 

 

Alternatively, the phase transition was monitored at higher VSG values using gated 

Raman spectroscopy. Due to the fact that ML MoTe2 flakes degraded quickly before the 

VSG reached a large value, multilayer MoTe2 was used. This was particularly useful 

considering that few-layer MoTe2 flakes are more stable and that Li
+
 ions can intercalate 
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in-between layers inducing doping in each individual layer. Figures 5.6a-b show the 

evolution of the typical 2H modes, 𝐴1𝑔, 𝐸2𝑔
1 , and 𝐵2𝑔, when sweeping VSG from 0 V to 5 

V (forward sweep) and then from 5 V back to 0 V (backward sweep). During the forward 

sweep (Figures 5.6a), all three peaks display a simultaneous intensity drop and shift to the 

left. A reversed trend is observed during the backward sweep (Figures 5.6b). However, 

the peak intensities are not fully recovered, reflecting a degradation of the flake. 

Especially, when VSG is swept back to 0 V at the end of the backward sweep (black curve 

in Figure 5.6b), the peak intensities suddenly drop and the 𝐵2𝑔  mode disappears, 

indicating a monolayer form. The degradation of the flake during the VSG sweeps is 

shown in Figure B.14. The plot of the location of 2H 𝐴1𝑔 peak vs. VSG for both sweeps 

(Figure 5.4c) also shows reversible and hysteretic VSG dependence. The location of the 

𝐴1𝑔 peak is at 166 cm
-1

 at high VSG values, which coincides with the location of the 1T′ 

𝐵𝑔 peak. Since all 2H peaks are still present and no other 1T′ peaks appear, it is believed 

that this coincidence does not indicate a 2H/1T′ phase transition. Moreover, a slightly 

weaker response of the peak intensities and locations to VSG is observed when VSG is 

cycled negatively between 0 V and -4 V (Figure B.15). However, at negative VSG there 

should not be any Li
+
 intercalation in MoTe2, so this gate voltage dependent behavior is 

likely due to electrostatic doping induced structural distortions. It is possible that Li
+
 ions 

do not tend to intercalate into MoTe2 even at high gate voltages, due to a low electron 

affinity of the MoTe2. To further confirm this, layered MoTe2 flakes were lithiated in 

organic lithium-containing solutions, such as n-butyl lithium (C4H9Li, n-BuLi), which 

has been successfully used to lithiate MoS2 [95]. It is a chemical doping process wherein 

electrons are transferred from lithium carbon bond to the MoS2: n-C4H9Li + MoS2  
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LiMoS2 + ½ n-C8H18 [232]. A few-layer MoTe2 flake immersed in n-BuLi solution for up 

to 3 h did not show any sign of intercalation from the optical and Raman images (Figure 

B.17). It also has been reported that group VI TMDCs behave differently in lithium-

containing solutions, either reacting with the entire reagent or being unreactive [232], 

which is still not well understood. The fact that MoTe2 does not react with lithium may 

explain why phase transition was not observed in in-situ-grown few-layer MoTe2 films 

under PEO:LiClO4 electrolyte gating (Figure 5.4). In conclusion, under positive VSG 

through the PEO:LiClO4 electrolyte, Li
+
 ions accumulate at the electrolyte-MoTe2 

interface creating an electric field and electrostatically inducing a large charge 

concentration on the top-most MoTe2 layer; however, layers underneath cannot be doped 

since Li
+
 ions do not intercalate layered MoTe2; therefore phase transition cannot be 

induced. 

 

Figure 5.6: Gated-Raman characterization of an exfoliated few-layer MoTe2 flake with 

PEO:LiClO4 gating. (a-b) The evolution of Raman spectra when sweeping VSG from (a) 0 

V to 5 V (forward sweep) and (b) from 5 V to 0 V (backward sweep), with step of 0.5 V. 

(c) The evolution of the location of the 2H 𝐴1𝑔 mode during both sweeps. 

 

5.2.3 Li Electrolyte FETs Based on Pristine MoS2 

Since Li
+
 intercalation can be induced in layered MoS2 flakes by chemical doping 

via n-BuLi immersion, gated Raman experiments were performed to verify if Li
+
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intercalation can also be induced by the PEO:LiClO4 electrolyte and if the gate-controlled 

Li
+
 intercalation has the capability to trigger the phase transition in MoS2. The device 

fabrication starts with mechanical exfoliation and transfer of few-layer 2H-MoS2 flakes 

on a 300 nm SiO2/Si substrate. A ground (GND) electrode and side-gate electrode are 

patterned and deposited using standard electron beam lithographic process. The active 

regions are then covered with solid PEO:LiClO4 electrolyte. Figure 5.7 is an optical 

image of the Li electrolyte MoS2 device.  

 

Figure 5.7: Optical image of an exfoliated few-layer MoS2 flake contacted with a GND 

electrode and capped with PEO:LiClO4 electrolyte. 

 

Figures 5.8a-g show the evolution of zone-center phonon 𝐸2𝑔
1  383 cm

-1
 and 𝐴1𝑔 

408 cm
-1

 modes of 2H-MoS2 when sweeping VSG from 0 V to 5 V. As depicted in the 

inset of Figure 5.8a, the 𝐴1𝑔 phonon involves the sulfur atomic vibration in the opposite 

direction out of the basal plane, whereas the 𝐸2𝑔
1  mode involves the displacement of Mo 

and sulfur atoms in the basal plane. The mode frequencies, ω, and the corresponding full 

width at half maximum (FWHM) were obtained by fitting a sum of two Lorentzians to 

the spectra.  
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Figure 5.8: (a-f) Raman spectra of the PEO:LiClO4 gated 2H-MoS2 flake at different 

side-gate voltages VSG. The black curves are the experimental Raman spectra, the blue 

curves are Lorentzian fits to the total spectrum, and the red and green curves are the 

Lorentzian fit to the 𝐸2𝑔
1  (in-plane) and 𝐴1𝑔 (out-of-plane) peaks, respectively. 

 

Figures 5.9a and 5.9b show the shift of ω and corresponding FWHM, as a 

function of VSG, respectively. At low VSG values (within 3V), the linewidth of the 𝐴1𝑔 

mode increases significantly whereas the linewidth of the 𝐸2𝑔
1  mode does not show any 

appreciable change. The observation is consistent with the DFT results by B. Chakraborty 

et al. which states that 𝐴1𝑔 mode couples more strongly with electrons than the 𝐸2𝑔
1  mode 
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as the structural distortions in the 𝐴1𝑔 mode do not break the symmetry of MoS2 leading 

to a large electron-phonon coupling (EPC) [228]. The reversible shifting of the 𝐴1𝑔 mode 

of 2H-MoTe2 in Figure 5.6 may be explained by this electrostatic doping induced EPC 

effect.  

 

Figure 5.9: Change in the (a) phonon frequency Δω and (b) FWHM of 𝐸2𝑔
1  and 𝐴1𝑔 

modes as a function of VSG. 

 

At high VSG values (beyond 3V), both the 2H 𝐴1𝑔 and 𝐸2𝑔
1  modes show significant 

softening and broadening, which might be attributed to the lattice expansion, distortion, 

and strain caused by the gate-controlled intercalation. Figure 5.10 shows Raman spectra 

of the PEO:LiClO4 gated 2H-MoS2 flake when cycling VSG between 0 V and 5V in a 

wider wavelength range. The softening and broadening of the 2H 𝐴1𝑔 and 𝐸2𝑔
1  modes are 

partially reversible, which might be attributed to degradation of the flake by Li
+
 

intercalation. However, no 1T′-MoS2 phonon modes are observed even at high VSG values, 

indicating that the intercalated Li
+
 concentration by the electrolyte gate may be 

insufficient for triggering the phase transition in layered MoS2. The chemical 

intercalation by organic n-BuLi solution may result in a higher intercalated Li
+
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concentration than the gate-controlled electrochemical intercalation and therefore could 

induce the phase transition. 

 

Figure 5.10: Raman spectra of the PEO:LiClO4 gated 2H-MoS2 flake when cycling VSG 

between 0 V and 5V. The locations of 𝐸2𝑔
1  (383 cm

-1
) and 𝐴1𝑔 (408 cm

-1
)  peaks for 2H-

MoS2, and 𝐽1 (156 cm
-1

), 𝐽2 (228 cm
-1

), 𝐸1𝑔 (305 cm
-1

), and 𝐽3 (330 cm
-1

) peaks for 1T’-

MoS2 are indicated. 

 

 

5.3 Phase Transition in Pre-lithiated MoS2 

Figure 5.11 shows the calculated energy barrier of the phase transition in 

monolayer MoS2 from 2H to 1T by J. Xia et al. using the nudged elastic band (NEB) 

method [233]. With the aid of Li
+
 intercalation (red curve), the energy barrier between 

2H and 1T phase is lowered compared to the case without Li
+
 (black curve), making the 

2H/1T′ phase transition much easier to realize. Here, it is proposed to pre-lithiate the 

exfoliated pristine 2H-MoS2 flakes by immersion in organic n-BuLi solution for an 



 

 117 

appropriate amount of time to reduce the energy barrier and then induce the phase 

transition through the gate-controlled Li
+
 intercalation. 

 

Figure 5.11: Transformation energy barrier of monolayer MoS2 from the 2H to 1T′ to 

1dT phase by calculation. Transformation energy barrier of monolayer MoS2 from the 2H 

to 1T to 1dT phase by nudged elastic band (NEB) calculation. The black/red curve with 

discrete transient states depicts the energy change of the phase evolution from 2H to 1T 

to 1dT without/with Li+ participation. The reaction coordinates at 1, 13 and 26 represent 

2H, 1T and 1dT phases and their atomic structures are inserted beside them. Reprinted 

with permission from reference [233]. 

 

5.3.1 Pre-lithiation Treatment 

The pre-lithiation of few-layer 2H-MoS2 flakes transferred on a SiO2/Si substrate 

was performed by immersing the samples in n-BuLi solution for 3 h and rinsing with 

hexane in a glove box. Figure 5.12a shows an optical image of a ~17 nm-thick MoS2 

flake after 3 h immersion in n-BuLi solution. Regions with different optical contrasts are 

observed. The contrast change in the lithiated MoS2 is due to an enhancement in optical 

transmission that results from the doping provided by the Li intercalation. It is also 

observed in Figure 5.12a  that Li
+
 ions enters the MoS2 vdW gaps from the edges and 

diffuses towards the center, as the edge areas show darker optical contrast than the center 

regions.  
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To further investigate the structural properties of the lithiated regions with 

different optical contrast, we carried out Raman mapping measurements on the pre-

lithiated MoS2 flake. Raman spectrum (black curve, Figure 5.12b) taken from the brighter 

region (marked with 1) shows the two strong 2H-MoS2 peaks, 𝐸2𝑔
1  (383 cm

-1
) and 𝐴1𝑔 

(408 cm
-1

), and one weak 1T′-MoS2 peak, 𝐽1 (156 cm
-1

), while the Raman spectrum (red 

curve, Figure 5.12b) taken from the darker region (marked with 2) shows two weak 2H-

MoS2 𝐸2𝑔
1  and 𝐴1𝑔 peaks and four strong 1T′-MoS2 peaks, 𝐽1, 𝐽2 (228 cm

-1
), 𝐸1𝑔 (305 cm

-

1
),  𝐽3 330 cm

-1
. The results show that both regions are ‘mix-phased’ but the structure of 

the brighter region is closer to 2H phase (2H-dominated region) whereas the structure of 

the darker region is closer to 1T′ phase (1T′-dominated region). Raman intensity maps 

(Figure 5.12c) of the 2H 𝐸2𝑔
1  peak and the 1T′ 𝐽1  peak show that the darker contrast 

reflects a higher Li
+
 concentration. Since the Raman spectra of the pre-lithiated MoS2 

show both 2H and 1T’ phonon modes, one would expect that that the phase transition will 

require much less additional charge transfer than pristine MoS2. 

 

Figure 5.12: (a) Optical image of a ~17 nm-thick MoS2 flake after 3 h immersion in n-

BuLi. (b) Raman spectra taken from the points marked by 1 and 2 in (a). (c) Raman 

intensity maps of 2H 𝐸2𝑔
1  383 cm

-1
 peak (left) and 1T′ 𝐽1156 cm

-1
 peak (right) of the 

region in the white dashed box in (a). 
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5.3.2 Reversible Phase Transition in Pre-lithiated MoS2 Flake 

To verify if the phase of the pre-lithiated MoS2 can be modulated by the gate-

controlled Li
+
 intercalation, gated Ramen experiments were performed on the pre-

lithiated MoS2 flake shown in Figure 5.12a. Figure 5.13a shows an optical image of the 

flake with the ground contact. The flake is capped with PEO:LiClO4 electrolyte before 

carrying out the Raman experiments. Raman maps of 2H 𝐴1𝑔 peak and 1T′ 𝐽1 peak at 

zero side gate voltage (VSG = 0 V) (Figure 5.13b) reveals that the edge regions, which 

were 1T′-dominated after immersion in n-BuLi, became 2H-dominated after the device 

fabrication, indicating a de-lithiation process may have occurred during the liftoff of the 

electrode metals in acetone.  

Figures 5.13b-e show the evolution of the 2H 𝐴1𝑔  and 1T′ 𝐽1  peak intensities 

when cycling VSG between 0 V and 3V. Reversible change in 2H 𝐴1𝑔 peak intensity was 

observed due to the softening and broadening of the peak caused by electrostatic doping, 

similar to the observation in the exfoliated MoS2 flake (Figure 5.8-5.9). No noticeable 

change in 1T′ 𝐽1 peak intensity suggests that phase transition cannot be induced below 

VSG = 3 V. When VSG is swept to 4 V, the intensity of the 2H 𝐴1𝑔 peak of the edge (2H-

dominated) regions almost disappears, while the intensity of the 1T′ 𝐽1 peak is increased 

dramatically (Figure 5.13f). The edge regions convert to the 1T′ phase and the phase 

transition happens at VSG between 3 V and 4 V. A gradual increase (decrease) of the 2H 

𝐴1𝑔 (1T′ 𝐽1) peak intensity was observed as VSG is swept back to 0 V (Figure 5.13f-j). The 

observed phase transition in pre-lithiated 2H-dominated MoS2 is reversible with a small 

hysteresis due to the slow movement of the ions in the electrolyte. 
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Figure 5.13: (a) Optical image of a pre-lithiated MoS2 flake with the ground contact. (b-e) 

The evolution of the 2H-MoS2 𝐴1𝑔 and 1T′-MoS2 𝐽1 peak intensities when cycling the 

side-gate voltage, VSG, between 0 V and 3V. (f-j) The evolution of the 2H 𝐴1𝑔 and 1T′ 𝐽1 

peak intensities (on the same scale) when sweeping VSG from 4 V to 0 V.  

 

This hysteresis can also be interpreted through the Raman intensity of the 1T′ 𝐽1 

peak to the intensity over both 1T′ 𝐽1 and 2H 𝐴1𝑔 peaks: F = 1T′ (𝐽1) / [1T′ (𝐽1) + 2H 

(𝐴1𝑔)]. The VSG dependence of F for the forward and reverse sweeps is plotted in Figure 

5.14. Below 3 V in the forward sweep, F remains around zero, meaning that the 2H phase 

is still dominant and the fraction of 1T′ is negligible. When VSG is increased to 4 V, F 

sharply rises to ~1 suggesting a nearly complete transition to the 1T′ phase. When VSG is 

swept backwards, the flake remains in the 1T′ phase until the bias is reduced to 3V. The 

2H phase begins to recur as VSG is continuously lowered, but is not fully recovered at 0 V, 

which is attributed to the remaining Li
+
 ions intercalated in-between the MoS2 layers. A 
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negative bias might be needed to fully restore the 2H phase. Again, degradation of the 

flake occurs under large side-gate VSG, due to Li
+
 intercalation and/or other 

electrochemical reactions between MoS2 and Li
+
 ions which is accelerated by the 

adsorbed H2O molecules from the atmosphere. To sum up, the fast response below VSG = 

3V is an electrostatic doping process, while the hysteretic response above VSG = 3V is 

due to lithiation / de-lithiation. 

 

 

Figure 5.14: Gate-dependent Raman intensity ratios. The y-axis is the Raman intensity of 

the 1T′ 𝐽1 peak to the intensity over both 1T′ 𝐽1 and 2H 𝐴1𝑔 peaks: F = 1T′ (𝐽1) / [1T′ (𝐽1) 

+ 2H (𝐴1𝑔)]. The black and red curves are for the forward and reverse VSG sweeps, 

respectively. The ratio shows hysteresis under the side-gate voltage scan. The 

transformation of phonon modes and the corresponding hysteresis loop indicate a phase 

transition between 2H and 1T′ phases under side-gate voltage through the PEO:LiClO4 

electrolyte. 

 

5.3.3 Transport characteristics of pre-lithiated 2H- and 1T′-dominanted MoS2 

Having observed reversible phase transition in a 2H-dominated MoS2 flake by 

gate-controlled Li
+
 intercalation, a fabrication process to utilize this structure in a 

proposed PCM device concept has been developed. The process starts with patterning 

contact regions to the flakes using electron beam lithography. With the PMMA patterns 
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for contacts, the 2H-MoS2 in the contact regions is converted to metallic (1T′ or 1T′-

dominated) phase by immersing the substrate in n-BuLi solutions for > 4 h. After the 

deposition and liftoff of contact metal, the 2H-MoS2 in the channel region is also treated 

with the n-BuLi solutions for < 2 h so that it turns to a semiconducting 2H-dominated 

phase. The immersion time depends on the concentration of the n-BuLi solutions and the 

thickness of the MoS2 flakes, which needs to be further calibrated. 

To validate this idea, transport characteristic measurements were carried out to 

verify if the pre-lithiated 2H-dominated (1T′-dominated) MoS2 is semiconducting 

(metallic). Figure 5.15a shows an optical image of a few-layer MoS2 flake after 3h 

treatment in n-BuLi solution. Raman spectra (Figure 5.15b) taken from the regions 

marked by 1, 2 and 3 in Figure 5.14a show that the outer darker regions (marked by 3) 

are 1T′-dominated whereas the center regions (marked by 1 and 2) are 2H-dominated.  

Next, FETs were fabricated on the 2H-dominated, 1T′-dominated, and 2H-

dominated/1T′-dominated heterojunction regions (5.15c). Room-temperature transfer 

characteristics of these devices as well as a pristine MoS2 FET are shown in Figure 5.15d. 

The n-type doping effect from lithiation is confirmed by a left shift of the threshold 

voltage of the FET based on the 2H-dominated MoS2 (red curve), compared to the 

pristine MoS2 FET (magenta curve). The FET based on the 2H-dominated MoS2 shows a 

current on-off ratio of 10
7
 and a steep subthreshold slope, implying that the pre-lithiated 

2H-dominated MoS2 is still semiconducting and can be used as channel material. 

Unexpectedly, the FET based on 1T′-dominated MoS2 (black curve) did not exhibit high 

ON-state drive current. This result is believed to be due to large resistance of the metal 

contacts to the 1T′-dominated region, which is likely due to the contamination (LiOH, 
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Li2CO3) from the reaction of n-BuLi with H2O and CO2. The following is one potential 

reaction sequence: C4H9Li + H2O → C4H10 + LiOH and 2 LiOH + CO2 → Li2CO3 + H2O 

or C4H9Li + CO2 → C4H9CO2Li. The contaminants are indicated with white arrows in the 

optical image (Figure 5.14a). The existence of 𝐶𝑜3
2− on the surface of the flakes after the 

n-BuLi treatment is confirmed by XPS (Figure B.17). The performance of the 2H-

dominated/1T′-dominated heterojunction FETs (blue curve) was also limited by the large 

contact resistance at the metal/1T′ interface. However, conductance modulation was 

observed, suggesting that this approach is promising if the surface contamination issues 

can be addressed. 

 

Figure 5.15: Transport characteristics of pre-lithiated 2H- and 1T′-dominanted MoS2. (a) 

Optical image of a few-layer MoS2 flake on SiO2/Si substrate after immersion in n-BuLi 

for 3 h. (b) Raman spectra taken from the points marked by 1-3 in (a). The inner brighter 

regions are 2H-dominated while the outer darker regions are 1T′-dominated. (c) An 

optical images of the FETs made on the flake including 2H-dominated-only, 1T′-

dominated-only and 2H-dominated/1T′-dominated heterojunction devices. (d) Transfer 

characteristics of the three types of devices with back substrate gating at VDS = 0.1 V.  
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5.4 Summary 

In summary, a reversible phase transition in few-layer pre-lithiated 2H-MoS2 

flakes by gate-controlled Li
+
 intercalation through a solid PEO:LiClO4 electrolyte has 

been demonstrated. The pre-lithiated 2H-MoS2 possess excellent semiconducting 

properties and requires less additional doping to transform into the metallic 1T′ phase. 

The gate-controllable phase transition in the pre-lithiated 2H-MoS2 can be implemented 

in phase-change memory applications. Future work includes understanding and 

eliminating the degradation of the flakes and evaluating the electrical behavior of the Li
+
-

intercalation-induced phase change. 
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CHAPTER 6 CONCLUSION AND OUTLOOK 

In this dissertation I have presented my experimental work on phase-engineered 

field-effect transistors (FETs) based on two-dimensional (2D) transition metal 

dichalcogenides (TMDCs). The contact resistance at the source/drain metal/TMDC 

interface in TMDC-based FETs is far above the projected allowable values for future 

high-performance applications, mainly due to the strong Fermi level pinning at the 

interface. This dissertation aimed to find a solution to the large contact resistance and 

further implement the TMDC-based FETs with lowered contact resistance in novel 

applications.  

First, in chapter 2, I presented an in situ flux-controlled phase-engineering method 

for the synthesis of lateral metal-semiconductor (2H/1T′) MoTe2 homojunctions. Detailed 

material characterizations of the in-situ-grown homojunctions reveal that nearly-single-

crystalline 2H domains stitch to polycrystalline 1T′ domains with an abrupt interface. 

This lateral 2H/1T′ MoTe2 homojunction itself is a 2D edge contact, which may result in 

ultra-low contact resistance if the interface has a small Schottky barrier height (SBH).  

Next, in chapter 3, I presented the study on the electrical properties of the in-situ-

grown homojunctions by performing temperature-dependent transport characterizations 

on MoTe2 homojunction FETs of which the channel regions are 2H phase the contact 

regions are 1T′ phase. With the phase-engineered 1T′ contacts, the device showed 

improved p-type behavior with a low contact resistance less than 0.5 kΩ·µm, compared 

to the MoTe2 FETs with 2H contacts. The SBH for hole injections at the 2H/1T′ MoTe2 

interface was found far below the value at the metal (Ti)/2H interface at any gat bias 
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conditions. The extracted flat-band SBH is only 10’s meV. The results showed that the 

lateral 2H/1T′ MoTe2 homojunction is an ideal contact for p-MOSFETs. 

Due to lack of controllability in the size and location of the homojunctions, the in 

situ flux-controlled synthesis method is impractical for large-scale production. In chapter 

4, I presented a two-step lithographic synthesis approach for creating large-scale various 

lateral TMDC junctions in sequence. Using this two-step approach, sequentially-grown 

lateral MoTe2 homojunction p-MOSFETs were fabricated, which showed similar 

behavior to in-situ-grown MoTe2 homojunction p-MOSFETs. This two-step approach 

was further utilized to fabricate lateral 2H-MoS2/1T′-MoTe2 heterojunction n-MOSFETs 

with high current on/off ratio and low OFF-state leakage current. The results imply the 

potential of utilizing this two-step method to fabricate complementary TMDC-based 

MOSFETs.  

Due to the large reduction in contact resistance, dynamical and reversible control 

of the channel resistance via the semiconducting 2H to metallic 1T′ transition can make 

phase-engineered TMDC FETs operate as phase-change memory (PCM) devices. Finally, 

in chapter 5, I presented a reversible phase transition in few-layer pre-lithiated 

semiconducting 2H-MoS2 flakes by gate-controlled Li
+
 intercalation through a solid 

PEO:LiClO4 electrolyte. This gate-controlled Li
+
 intercalation induced phase transition 

enable the use of lateral junctions between pre-lithiated semiconducting and metallic 

TMDCs for PCM application. 

Additional challenges for TMDC FETs with phase-engineered contacts includes: 

(1) improving the interface between the substrate oxide and TMDC to reduce interface 

traps, which should lead to improved device performance; (2) investigating the band 
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alignments of various TMDC metallic-semiconducting junctions to ensure that 

complementary contacts can be achieved; (3) developing techniques to incorporate 

doping at the contacts to further lower the contact resistance and the effective SBH; (4) 

optimizing the device geometry of phase-engineered TMDC FETs to achieve higher 

performance, such as scaled top-gated MOSFETs with self-aligned, phase-engineered 

contacts, as illustrated in Figure 4.9. This process requires the integration of ultra-thin 

high-quality high-κ dielectric on TMDCs.  

Additional challenges for implementing TMDC phase-change memories includes: 

(1) fabricating lateral junctions between pre-lithiated semiconducting TMDC (such as 

MoS2) and other metallic TMDCs with low injection barriers. Such a structure can 

electrically read out the change of channel resistance under gate-controlled phase 

transition through a Li electrolyte, thus operating as a PCM device; (2) finding solutions 

to eliminating degradation of the flakes to improve the reproducibility, such as exploring 

other nondestructive phase change mechanisms, and solutions to mitigate the hysteresis 

effect due to the slow movement of ions; (3) developing synthesis approaches to 

synthesize monolayer TMDCs or their alloys to reduce the transition gate voltage. 

Monolayer TMDCs requires less carrier doping concentration (gate voltages) to undergo 

a structural phase transition. Theoretical computations showed that the free energy 

difference between the 2H and 1T′ phases can be made arbitrarily small by varying the 

fraction of W (1-x) in MoxW1-xTe2 alloy [192, 234]; (4) optimizing the geometry of solid 

electrolyte gated devices to improve the speed, such as integration of top-gate electrodes. 
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APPENDIX A  

TERMINOLOGY 

Table A. 1. Terminology 

 

Symbol/Acronym Quantity Unit (SI) 

GR Graphene N/A 

2D Two-dimensional N/A 

FET Field-effect transistor N/A 

SCE Short-channel effects N/A 

BP Black phosphorus N/A 

TMDC Transition metal dichalcogenide N/A 

hBN Hexagonal boron nitride N/A 

MoS2 Molybdenum disulfide N/A 

MoTe2 Molybdenum ditelluride N/A 

DRAM Dynamic random access memory N/A 

3D Three-dimensional N/A 

SC Semiconducting N/A 

λ Transistor natural scaling length nm 

DIBL Drain induced barrier lowering unitless 

𝜀𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Channel permittivity F/m or 

A
2
·s

4
·kg

−1
·m

−3
 

𝜀𝑜𝑥𝑖𝑑𝑒 Dielectric permittivity F/m or 

A
2
·s

4
·kg

−1
·m

−3
 

𝑡𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Channel thickness nm 

𝑡𝑜𝑥𝑖𝑑𝑒 Dielectric thickness nm 

μ Field-effect mobility cm
2
/v∙s 

H Hexagonal phase N/A 

T Tetragonal phase N/A 

T′ Distorted octahedral or monoclinic phase N/A 

SHG or ՓSB Second harmonic generation N/A 

DFT Density functional theory N/A 

PAW Projected-augmented wave N/A 

VASP Vienna ab initio simulation package N/A 

PBE Perdew−Burke−Ernzerhof N/A 

GGA Generalized gradient approximation N/A 

BZ Brillouin zone N/A 

SOC Spin-orbit coupling N/A 

CBM Conduction band minimum N/A 

VBM Valence band maximum N/A 

MBE Molecular beam epitaxy N/A 

CVD Chemical vapor deposition N/A 

MOCVD Metal-organic CVD N/A 
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ALD Atomic layer deposition N/A 

PVD Physical vapor deposition N/A 

PDMS Polydimethylsiloxane N/A 

PMMA Poly(methyl methacrylate) N/A 

PS Polystyrene N/A 

ION ON-state current A 

IOFF OFF-state current A 

ION/IOFF Transistor on-to-off current ratio unitless 

BTBT Band-to-band tunneling N/A 

GIDL Gate-induced drain leakage A 

Isub Subthreshold leakage A 

Igate Gate leakage A 

k
B
 Boltzmann constant eV/K or  

m
2
 kg s

-2
 K

-1
 

E
g
 Band gap eV 

2T Two-transistor N/A 

TFT Thin film transistor N/A 

𝑅𝑐 Contact resistance Ω 

𝑊 Channel width μm 

𝐿 Channel length μm 

ℎ Planck’s constant J⋅s 

𝑒 or q Electron charge C 

𝑘𝐹 Fermi wavevector m
-1

 

𝑛2𝐷 2D charge carrier density 10
13

 m
−2

 

SBH Schottky barrier height eV 

SBW Schottky barrier width nm 

FLP Fermi-level pinning N/A 

vdW van der Waals N/A 

ID Drain current A 

VDS Drain-to-source voltage V 

VGS Gate-to-source voltage V 

VBG Backgate voltage V 

𝐸𝐴 Activation energy eV 

VFB Flat-band voltage V 

T Temperature K 

CMOS Complementary metal–oxide–semiconductor N/A 

MOSFET Metal–oxide–semiconductor FET N/A 

EBE Electron beam evaporation N/A 

EBL Electron beam lithography N/A 

ADF Annular dark-field N/A 

TEM Transmission electron microscopy N/A 

STEM Scanning transmission electron microscopy N/A 

𝐿𝑇 Transfer length nm 

𝐿𝐶 Contact length nm 
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𝜌𝐶 Specific contact resistivity Ω·cm
2
 

𝜌𝑆 Sheet resistivity Ω·cm
2
 

𝑅𝑆 Sheet resistance of channel semiconductor Ω/□ 

𝑅𝑇 Total resistance Ω 

𝑅𝐶𝐻 Resistance of the device channel Ω 

HER Hydrogen evolution reaction N/A 

AFM Atomic force microscopy N/A 

MS Metallic-semiconducting N/A 

XPS X-ray photoelectron spectroscopy N/A 

XRD X-ray powder diffraction N/A 

RMS Root-mean-square N/A 

BF Bright-field N/A 

SAEDP Selected area electron diffraction pattern N/A 

DF Dark-field N/A 

HRTEM High-resolution TEM N/A 

LAADF Low-magnification low-angle annular dark-

field 

N/A 

HRSTEM High-resolution STEM N/A 

FFT Fourier transform N/A 

TLM Transfer length method N/A 

SS Subthreshold swing mV/dec 

VLSI Very Large Scale Integration N/A 

ML Monolayer N/A 

PTCDA 3,4,9,10-perylene-tetracarboxylic 

dianhydride 

N/A 

TDMAH Tetrakis(dimethylamido) hafnium N/A 

PCM Phase-change memory N/A 

EDL Electric double layer N/A 

LiClO4 Lithium perchlorate N/A 

PEO Polyethylene oxide N/A 

VSG Side-gate voltage V 

GND Ground N/A 

FWHM Full width at half maximum  N/A 

ω Mode frequencies cm
-1

 

EPC Electron-phonon coupling N/A 

n-BuLi n-butyl lithium N/A 

NEB Nudged elastic band N/A 

m0 Mass of an electron (9.11 x 10
-31

) Mass (kg) 

gm Transconductance Siemens (L) 

Dit Density of Interface Traps cm
-2

/eV 

Cox Gate dielectric capacitance F 

SEM Scanning electron microscope N/A 

FIB Focused ion beam FIB 
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APPENDIX B  

SUPPORTING INFORMATION 

B.1 DFT Computational Details 

DFT calculations were performed by Javad G. Azadani and Prof. Tony Low using 

the projected-augmented wave (PAW) pseudopotential method [235] as implemented in 

the Vienna ab initio simulation package (VASP) [236]. Van der Waals corrections and 

spin−orbit coupling were included in the calculations. The Perdew−Burke−Ernzerhof 

(PBE) functional [237] was closed within the generalized gradient approximation (GGA) 

to treat the exchange−correlation interaction of electrons. The plane-wave kinetic-energy 

cutoff was set at 300 eV. A set of (21 × 21 × 1) k-point sampling is used for Brillouin 

zone (BZ) integration in k-space. All atomic positions were optimized using the 

conjugate gradient method, where the total energy and atomic forces were minimized. 

The energy convergence value between two consecutive steps of 10−6 eV was chosen, 

and a maximum force of 0.001 eV/Å was allowed on each atom. A minimum of 15 Å 

vacuum spacing was added along the direction perpendicular to the 2D plane, in order to 

avoid the interaction between the adjacent supercells. While applying an electric field, a 

dipole correction was applied to avoid spurious dipole interactions [238]. 
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B.2 XRD and XPS of CVD-grown few-layer 2H and 1T′ MoTe2  

 

Figure B.1: XRD patterns of few-layer 2H (red) and 1T′ (black) MoTe2. The peaks of as-

synthesized few-layer 2H and 1T′ MoTe2 are indexed to hexagonal 2H MoTe2 (JCPDS 

#73-1650) and monoclinic 1T′ MoTe2 (JCPDS #71-2157), respectively. Reprinted with 

permission from reference [37]. 

 

 

Figure B.2: XPS survey spectrum of few-layer 2H (red) and 1T′ (blue) MoTe2. Reprinted 

with permission from reference [37]. 

 



 

 159 

B.3 Indexed polycrystalline diffraction rings of 1T'-MoTe2 

The selected area electron diffraction pattern in Figure 2.4 in Chapter 2.2.3 taken 

from a region of a diameter of 600 nm polycrystalline 1T′-MoTe2 is well labeled with the 

crystallographic planes of the 1T′-MoTe2 structure, as shown in Figure B.3, and the 

corresponding radii of the diffraction rings are listed in Table B.1. The angular deviation 

of all the planes off the [001] zone-axis is within 5° indicating that the 1T′ polycrystalline 

MoTe2 film is textured along the [001] direction. The measurement was performed by 

Huairuo Zhang at NIST. 

 

Figure B.3: Selected-area electron diffraction patterns taken from a 1T′-MoTe2 region 

with a diameter of 600 nm showing the polycrystalline diffraction rings. All the rings can 

be indexed as hk0 crystallographic planes (parallel to [001] zone-axis) or hkl 

crystallographic planes within a 5° off the [001] zone-axis, which suggests the 1T′ 

polycrystalline film was textured along the [001] direction. 
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Table B.1. Experimental and theoretical radiuses of diffraction rings of 1T′ MoTe2 

 

Experimental 

radius of 

diffraction ring 

(1/nm) 

Theoretical 

radius of 

diffraction ring 

(1/nm) 

hkl hkl ∩ (001) 

(degree) 

3.122 3.167 200 90 

3.259 3.289 110 90 

4.239 4.283 210 90 

4.695 4.756 -301 85.19 

5.492 5.562 -311 85.89 

5.766 5.765 020 90 

6.290 6.334 400 90 

6.541 6.578 220 90 

6.883 6.959 410 90 

7.452 7.474 -321 86.94 

7.817 7.901 -501 88.68 

8.341 8.410 -511 88.76 

8.501 8.565 420 90 

9.868 9.870 -331 87.69 

 

 

B.4 TEM/STEM of the thickness variation and misorientation in the 

2H region 

Figure B.4a is a dark-field (DF) TEM image taken from a round 2H region using 

a single (100) reflection as shown in Figure 2.4b. There are some small areas presenting a 

much darker contrast than the surrounding. Selected area electron diffraction pattern 

(SAEDPs) from the dark region SA-2 shows a very similar 2H pattern as the one from the 
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large area SA-1 (Figures B.4b and B.4c). Figures B.4d-B.4g show the atomic models and 

the corresponding simulated diffraction patterns of 2H and 3R structures. It should be 

noted that the mixture of 2H and 3R stackings can have a similar diffraction pattern as 

that of 2H, and the DF image using (100) reflection can make the mixture region darker 

than the pure 2H region, assuming a flat film with a uniform thickness. However, the 

mixture region of 2H and 3R structures can be easily differenctiated from 2H by atomic 

resolution HRSTEM imaging, and we have never observed such a mixture in our film. 

The darker region in the DF images should be attributed to a smaller thickness in local 

area.  

 

Figure B.4: TEM/STEM of the thickness variation in 2H region. (a) Dark field TEM 

image taken from a round 2H region using a single (100) reflection. (b)-(c) Electron 

diffraction patterns taken from the selected areas of SA-1 and SA-2 shown in (a), 

respectively. (d)-(e) Atomic models of 2H and 3R structures, and (f)-(g) their 

corresponding simulated electron diffraction patterns. 

 

B.5 Interface Traps Density Calculation 

The interface traps density is extracted from the minimum subthreshold swing 

(SS). SS is extracted by taking the derivative of the ID-VGS curves and taking the 
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reciprocal of the derivatives. Then the interface traps capacitance, Cit, can be extracted 

from the minimum SS by SS = ln(10) × (kBT/q) × (1 + Cit/Cox). The interface trap density, 

Dit, can be approximately calculated by Dit = Cit/q. 

 

B.6 Field-effect hole mobility at different temperatures 

We extracted the field-effect hole mobility, 𝜇, from the temperature-dependent 

transfer characteristics for the 2H-only and 2H/1T′ devices. The value of 𝜇 at a given 

temperature and VDS is extracted at the maximum transconductance, gm, which is defined 

as the maximum point in the derivative of the ID vs. VGS curve. The mobility is then 

calculated by 

/ ( )m ox DSg L W C V    
, 

where L and W are the length and width of the device, respectively. Cox is the gate 

dielectric capacitance and VDS is the drain-to-source voltage.  The extracted 𝜇  as a 

function of temperature for the 2H-only and the 2H/1T′ devices are shown in Figure B.5a 

and B.5b, respectively. 

 

Figure B.5: Field-effect hole mobility (log scale) as a function of temperature (log scale) 

for (a) the 2H-only device and (b) the 2H/1T′ device in Figure 5 at different values of 

VDS. For the 2H/1T′ device, the average length of the 2H region between the 1T′ ends is 

used to calculate the mobility. 
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The 2H/1T′ device shows about 10 times higher field-effect hole mobility than 

that of the 2H-only device because of the reduced contact resistances at the 1T′/metal and 

2H/1T′ interfaces. The mobility is relatively low because of the high defect density in the 

material. The 2H-only and 2H/1T′ device show a power-law mobility vs. temperature 

dependence, µ  xT , where x = 5.9 and x = 1.3, respectively. The slope of the 2H/1T′ 

device is close to the typical factor, x = 1.5, for Coulomb scattering dominant transport in 

the material due to the negligible effect from the contacts, which confirms the Ohmic 

nature of the metal/1T′ and 2H/1T′ interfaces. Coloumb-scattering-limited (rather than 

phonon-limited) mobility is not surprising in this material, give the rather high interface 

trap density in our samples. In addition, the dependence of VDS on the mobility in the 

2H/1T′ device is less than that in the 2H-only device, which again confirms the Ohmic-

like contacts in the 2H/1T′ device. However, for the 2H-only device, the contact 

resistance and the sheet resistance are on the same order of magnitude, so we would 

expect higher VDS dependence. 

 

B.7 Temperature-dependent device behavior for another set of 2H-only 

and 2H/1T′ devices 

Figure B.6 shows the temperature-dependent transport characteristics of another 

set of 2H-only and 2H/1T′ device from Sample 1, same substrate as the set used in Figure 

3.3. The observed behavior is consistent with the results in Figure 3.3.  
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Figure B.6: Temperature-dependent transport characteristics of another set of 2H-only 

and 2H/1T′ device from the same growth as the set shown in Figure 3.3. (a)-(b) Transfer 

characteristics (I
D
 vs. V

BG
) of (a) 2H-only device and (b) 2H/1T′ device at V

DS
 = -0.1 V 

for temperatures of 77 K (black curve), and from 100 K (red curve) to 300 K (olive 

curve), in steps of 20 K. (c)-(d) Output characteristics (I
D
 vs. V

DS
) of 2H-only and 2H/1T′ 

device for V
BG

 varying from -100 V (top curve) to +100 V (bottom curve) in steps of +40 

V at T = 77 K (black points) and T = 300 K (olive points). Optical images of the 2H-only 

and 2H/1T′ device are shown as an inset in (c) and (b), respectively. The dimensions of 

the 2H-only device are L
DS

 = 4 μm and W = 21 μm, while the 2H/1T′ device has L
DS

 = 26 

μm and W = 9 μm (the length of the 2H region is about 20 μm). 

 

B.8 Device performance statistics 

To show the reproducibility of the devices from growth to growth, we plot 

histograms of normalized on resistances for devices fabricated on films from four 
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different growths, as listed in Table B.2. The film thickness of sample 1 is around 6 nm 

and the film thicknesses of sample 2-4 are around 10 nm. 

 

Table B.2. Number of devices of each type on samples from different growths 

 

Sample Index Substrate 

Oxide 

Thickness 

No. of 2H-

only Devices 

No. of 2H/1T′ 

Devices 

No. of 1T′-

only Devices 

1 300 nm 10 14 11 

2 300 nm  11 14 0 

3 110 nm 6 10 2 

4 110 nm 6 11 4 

 

Histograms of normalized on resistances for 2H-only and 2H/1T′ devices 

fabricated on 300 nm SiO2/Si substrates (Sample 1 and 2) and 110 nm SiO2/Si substrates 

(Sample 3 and 4) are shown in Figures B.7a and B.7b, respectively. The on resistances of 

2H-only and 2H/1T′ devices were taken at VBG = 100 V and VDS = 0.1 V for Samples 1 

and 2, and at VBG  = 50 V and VDS = 0.05 V for Samples 3 and 4. Overall, 2H/1T′ 

devices show lower on resistance than that of 2H-only devices owing to the reduced 

contact resistance at the metal/1T′ interface, in consistent with the results in the 

manuscript. Figures B.7c shows histograms of normalized on resistance of 1T′-only 

devices fabricated on two different substrates at VBG  = 0 V and VDS = 0.05 V.  It should 

be noted that the normalized on resistance levels for the same type of devices from two 

substrates do not match well because of different bias conditions, dielectric thicknesses, 

and film thicknesses. 
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Figure B.7: Histograms of normalized on resistances, Ron, in log scale for (a) 2H-only and 

2H/1T′ devices made on 300 nm SiO2/Si substrates at VBG = -100 V and VDS = -0.1 V, 

and (b) 2H-only and 2H/1T′ devices made on 110 nm SiO2/Si substrates at VBG = -50 V 

and VDS = -0.05 V, with a bin size of 0.2, and (c) 1T′-only devices on 300 nm and 110 nm 

SiO2/Si substrates at VBG = 0 V and VDS = -0.05 V, with a bin size of 0.1. The 2H-only 

and 2H/1T′ devices in each histogram come from two different samples, and the 1T′-only 

devices come from three different samples. All on resistances are multiplied by the 

channel length, L, and divided by the channel width, W. In (a), the distribution of the 2H-

only devices (2H/1T′ devices) has a mean of 6.92 (5.71) and standard deviation of 0.46 

(0.5). In (b), the distribution of the 2H-only devices (2H/1T′ devices) has a mean of 7.9 

(7.11) and standard deviation of 0.18 (0.45). In (c), the distribution of the 1T′-only 

devices on the 110 nm (300 nm) SiO2/Si substrate has a mean of 3.27 (3.59) and standard 

deviation of 0.05 (0.13). 

 

B.9 Effective Schottky barrier height extraction 

The slopes of the Arrhenius curves are (qVDS/η – ՓSB), so the effective Schottky 

barrier height, ՓSB, can be extracted by plotting the slopes vs. VDS and then extrapolating 

to VDS = 0. A representative plot of the extraction for a 2H-only device at a given VBG is 

shown in Figure B.8. ՓSB is extracted for all values of VBG. 
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Figure B.8: Slope of the Arrhenius plot for the same 2H-only device in Figure 3.3 of the 

manuscript plotted vs. VDS at VBG = 0V.  

 

B.10  Comparison of VBG-dependent effective Schottky barrier heights 

for different devices 

Figure B.9 compares the VBG-dependent effective Schottky barrier heights for 

devices in Figure 3.3 and devices in Figure B.6. The overall values of the barrier heights 

and the gate-bias dependence are in excellent agreement with each other.  

 

Figure B.9: SBH comparison. (a) Effective Schottky barrier height of the 2H-only device 

(shown in Figure 3.3) in the high temperature regime (red squares) and 2H/1T′ device 

(shown in Figure 3.3) in the high- (close blue circles) and low- (open blue circles) 

temperature regimes as a function of VBG. (b) Effective Schottky barrier height of the 2H-

only and 2H/1T′ devices shown in Figure B.6 as a function of VBG. 

 



 

 168 

B.11  Effective Schottky barrier height statistics 

To further show that the observed large energy barrier difference at the metal/2H 

and 2H/1T′ interface is not particular to the devices shown in the manuscript, the 

effective energy barrier heights at VBG = 0 for several 2H-only and 2H/1T′ devices were 

extracted and summarized in the box plots shown in Figure B.10. The channel 

thicknesses of these devices range from 6 nm to 10 nm. The two box plots are relatively 

short suggesting that the overall barriers at each interface have a high level of agreement. 

The barrier heights at the metal/2H interfaces are consistently ~ 100 meV higher than for 

the 2H/1T′ interfaces. 

 

Figure B.10: Box plots for effective Schottky barrier heights at V
BG

 = 0 for five 2H-only 

and five 2H/1T′ devices. The 25th~75th percentiles are shown as boxes, and ranges 

within 1.5 interquartile range (IQR) are shown as whiskers. The mean (median) are 

132 meV (142 meV) for 2H-only devices and 51 meV (45 meV) for 2H/1T′ devices.  

 

B.12  Flat-band barrier extraction at the 2H/1T′ interface 

The effective energy barrier height as a function of the back-gate voltage is 

plotted in Figure B.11 for the 2H/1T′ device from Figure 3.3 in the high-temperature 
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regime. The flat-band barrier height, ՓSB0, which is the barrier at VBG = VFB (flat-band 

voltage), is extracted at the point where the slope deviates the linear dependence on VBG. 

As illustrated in Figure B.11, the ՓSB0 for the 2H/1T′ device is estimated to be between 

20 meV (at VBG = 6.5 V) and 40 meV (at VBG = 19.5 V). Since there is no thermally-

activated energy barrier at the metal/1T′ MoTe2 interface, this extarcted barrier is at the 

2H/1T′ interface.  

 

Figure B.11: Effective Schottky barrier height of the 2H/1T′ device in the high 

temperature regime as a function of VBG. The dash magenta line fits the linear portion of 

the curve, and the flat-band barrier height is estimated to be between ~30 + 10 meV. 

 

B.13  Band diagrams for the metal/2H and 2H/1T′ interfaces under 

different bias conditions 

Figure B.12a shows the ՓSB vs. VBG plot for the metal/2H and 2H/1T′ devices 

from Figure 3.3 in the high-temperature regime, where Figures B.12b and B.12c show 
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schematic illustrations of the lateral energy band diagrams. The diagram in Figure B.12b 

shows that the weaker backgate voltage dependence is due to the relatively long transfer 

length under the contact metal, as opposed to at the edge of the contact as in the case of 

the 2H/1T′ devices (Figure B.12c). 

 

Figure B.12: Band diagrams for the 2H-only and the 2H/1T′ device under different values 

of backgate voltage, V
BG

. (a) Effective Schottky barrier height of the 2H-only device (red 

squares) and 2H/1T′ device (close blue circles) as a function of V
BG

. (b)-(c) The gate 

voltage modulations of the band diagrams and hole (h
+
) injections at the (b) metal/2H 

interface and (c) 2H/1T′ interface when V
BG

 increases from -100 V to +100 V. The purple 

dotted lines indicate the metal/2H and 2H/1T′ interfaces, respectively. In (b), the pinned 

regions underneath the metal contacts inhibits the gate modulation of the effective barrier 

height, ՓSB, while in (c) the lateral nature of the interface allows stronger modulation of 

ՓSB. 
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B.14  SEM of sequentially-grown 2H/1T′-MoTe2 homojunctions using 

planar deposition 

The etching process used to pattern 2H-MoTe2 channels causes undercutting to 

the 2H-MoTe2 film underneath the PMMA patterns, so Mo nanoislands deposited using 

planar evaporation will not be in contact with the 2H-MoTe2 film. As a result, the 

synthesized 1T′-MoTe2 will not be physically connected to the 2H-MoTe2 film. Figure 

B.13 shows SEM images of the as-synthesized 2H/1T′-MoTe2 homojunctions. A gap is 

clearly seen at the interface suggesting that Mo nanoislands barely migrate during the 

synthesis of 1T′-MoTe2 film. Conformal deposition of Mo nanoislands should be used to 

ensure direct contacts between Mo nanoislands and the edges of the 2H-MoTe2 film. 

 

Figure B.13: SEM of sequentially-grown 2H/1T′ MoTe2 homojunctions fabricated using 

planar evaporation. (a) low-magnification and (b) high-magnification SEM of the 2H/1T′ 

homojunctions with Ti/Au contacts. 
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B.15  Degradation of MoTe2 fakes under Li electrolyte gating 

 

Figure B.14: Degradation of exfoliated few-layer MoTe2 flakes during the gated Raman 

experiment. (a-f) Optical images of the flake at different side-gate voltages. The side-gate 

voltage is swept from 0 V to 5 V and then from 5 V back to 0 V. The laser power is kept 

below 1 mW to avoid damages from the laser. 

 

B.16  Raman spectra of MoTe2 flake when sweeping VSG between 0 V 

and -4 V 

 

Figure B.15: Gated-Raman characterization of an exfoliated few-layer MoTe2 flake with 

Li electrolyte gating. (a-b) The evolution of Raman spectra when sweeping VSG from (a) 

0 V to -4 V (forward sweep) and (b) from -4 V to 0 V (backward sweep), with step of 1.0 

V.  
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B.17  Raman characterization of a few-layer MoTe2 flake after 3 h 

immersion in n-BuLi solution 

 

Figure B.16: Raman maps of an exfoliated few-layer MoTe2 flake after 3 h immersion in 

organic n-BuLi solution. (a) Optical image of the flake after the 3h treatment. Raman 

intemsity maps of (b) 1T′ 𝐵𝑔, (c) 1T′ 𝐴𝑔, (d) 2H 𝐴1𝑔 , (e) 2H 𝐸2𝑔
1  , and (f) 2H 𝐵2𝑔 of the 

region in the white dashed box in (a). 

 

B.18  XPS of an exfoliated few-layer MoTe2 flake after n-BuLi treatment 

 

Figure B.17: X-ray photoelectron spectroscopy (XPS) of the surface of an exfoliated few-

layer MoTe2 flake after 3h immersion in n-BuLi solution. 

 



 

 174 

 

APPENDIX C  

SELECTED EXPERIMENTAL PROCESSES 

This section describes the details of selected experimental processes. 

C.1 Synthesis Details of Few-Layer 2H, 2H/1T′ Homojunction, and 1T′ 

MoTe2 

Few-layer 2H, lateral 2H/1T′ homojunctions and 1T′ MoTe2 are synthesized from 

Mo nanoislands in a horizontal hot-wall single-zone furnace equipped with mass flow 

controllers and a vacuum pump. The synthesis started by depositing Mo nanoislands on 

SiO2/Si substrates through electron beam evaporation (CHA SEC-600) under high 

vacuum. The deposited Mo nanoislands have heights of about 1-3 nm and widths of 

about a few hundred nanometers. The Mo nanoislands on SiO2/Si substrates are placed 

face down on a 5 cm × 2 cm × 2 cm alumina boat containing a Te lump placed at the 

center of the heating zone in a 3-in. quartz tube (MTI Corporation), followed by 

annealing in Ar/H2 (5 sccm/5 sccm) environment. Te lumps were prepared by annealing 

Te slugs (0.8 g, 99.999%, Sigma-Aldrich) at 635 °C for 1 h under Ar environment. After 

the quartz tube was evacuated to < 100 mTorr, Ar flowed at a rate of 500 sccm until the 

pressure reached atmospheric pressure. At atmospheric pressure, Ar and H2 flowed at 

rates of 5 and 5 sccm, respectively. For the synthesis of few-layer 2H, lateral 2H/1T′, and 

1T′ MoTe2, the furnace was respectively ramped to 635 °C, 585 °C, and 535 °C in 15 min 

(linear ramp rates ∼ 40 °C/min, 37.3 C/min, and 34 C/min), and was kept at the 

temperatures for 1 h. After the reactions, Ar was turned to the flow rate of 100 sccm and 

the furnace was rapidly cooled down to room temperature with the furnace lid open. 
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C.2 Sample Preparation for Plan-View TEM 

To prepare the sample for plan-view TEM, the as-grown MoTe2 homojunction 

film on a SiO2/Si substrate was spin-coated with poly(methylmethacrylate) (950 ka.u. 

PMMA C4) at 3000 rpm for 60 s, followed by 2 min annealing at 100 °C. The sample 

was then cut into small pieces with sizes slightly larger than that of a mesh copper TEM 

grid with a lacey carbon film (Ted Pella product no. 01894). The small pieces were then 

floated on a 6:1 buffered oxide etch (BOE) solution at room temperature for ∼15−20 min 

until the MoTe2 films with PMMA were completely detached from the substrates (four 

sides of the pieces were scratched off with tweezers for BOE etchant access). Next, the 

MoTe2 films with PMMA were rinsed in DI water three times (∼5 min/each) and 

transferred onto the mesh copper grids. After the films dried out on the grids, the grids 

were gently placed in acetone with self-closing tweezers to remove PMMA and rinsed in 

IPA. The transfer flowchart and images of the transferred films on TEM grids are 

provided in Figure C.1. 
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Figure C.1: The transfer flowchart and images of the transferred films on TEM grids. (a) 

Sample preparation process for plan-view TEM. Zoom-out image (b) and zoom-in image 

(c) of a transferred MoTe2 homojunction film on copper TEM grid with a lacey carbon 

film. The grid has good coverage.  

 

C.3 Sample Preparation for Cross-Sectional TEM. 

An FEI Nova NanoLab 600 dual-beam scanning electron microscopy and focused 

ion beam (SEM/FIB) system were employed to prepare the cross-sectional transmission 

electron microscopy (TEM) samples. SEM was utilized to identify regions of 2H-MoTe2 

and 1T′-MoTe2 (due to the electron channeling response of nanocrystalline and single 

crystals). A region of 20 μm in length across the 2H-MoTe2/1T′-MoTe2 boundary was 

chosen for lamellar TEM sample preparation. A 100 nm-thick Pt layer was initially 

deposited on top of the film by electron-beam induced deposition to protect the sample 

surface, then followed by 2 μm ion-beam-induced Pt deposition. To reduce Ga-ion 

damage, in the final stage of FIB preparation, the TEM sample was thinned with 2 kV 

Ga-ions using a low beam current of 29 pA and a small incident angle of 3°. 
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C.4 Fabrication of in-situ-Grown MoTe2 Homojunction FETs 

The MoTe2 field-effect transistors were fabricated on a Si substrate with 300 nm 

SiO2 grown on top, upon which a lateral few-layer 2H/1T′ mixed-phase MoTe2 was 

grown. Alignment marks were first patterned on the substrate by coating poly(methyl 

methacrylate) (950 ka.u. PMMA C4) and exposing PMMA with electron beam 

lithography (Vistec EBPG 5000+ system). After development in methyl isobutyl ketone 

(MIBK)/isopropyl alcohol (IPA) (1:3) and rinsing with IPA, Cr/Au (10 nm/35 nm) was 

evaporated using electron beam deposition (CHA SEC-600), followed by a liftoff in 

acetone/IPA. Then, the channel regions (1T′, 2H, 2H/1T′) were patterned and developed 

using the same method. After development, exposed regions were etched in a 30% H2O2 

solution for 5 min, followed by an acetone/IPA rinse. Finally, source and drain contacts 

were patterned and developed using the same method as above. After development in 

MIBK/IPA (1:3), Ti/Au (10 nm/80 nm) was evaporated using electron beam deposition 

(CHA SEC-600) and lifted off in acetone overnight to complete the device fabrication. 

The sample was finally cleaned with IPA and loaded into a cryogenic vacuum probe 

station (Lakeshore CPX-VF) for device characterization. No annealing was performed. 

Electrical measurements were performed in the vacuum probe station at ∼10
−6

 Torr using 

a Keysight B1500A semiconductor parameter analyzer. 

 

C.5 Fabrication of Sequentially-Grown MoTe2 Homojunction FETs 

2H MoTe2 was first grown on Si substrates with 100 nm SiO2 by tellurization of 

0.9 nm Mo nanoislands using the flux-controlled synthetic method discussed in Chapter 2. 
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To pattern alignment markers, PMMA C4 was spin-coated on the substrate at 3000 rpm 

for 60 s followed by a bake-out at 180 
o
C for 8 min. Patterns of alignment markers were 

written using electron beam lithography (EBL) at 10 nA current and 1300 μC/cm
2
 dose 

followed by a development in 3:1 IPA:MIBK. Then, 130 nm Mo was deposited as the 

maker metal using electron beam evaporation (EBE) followed by a liftoff in acetone 

overnight. Channel regions were patterned with PMMA C4 using EBL and the exposed 

regions were etched in plasma (5 sccm Ar/25 sccm CHF3/6 sccm CF4 with 175 W RF 

power, 50 mT pressure, and 15 s stabilization time) for 20-30 s. Next, 1.5 nm Mo 

nanoisland were deposited using conformal evaporation (CHA) for the synthesis of 1T′ 

MoTe2. The hardened PMMA patterns (by plasma etch) were then lift off in Acetone 

with 5-10 s sonication. 1T′ MoTe2 was then grown on the substrate using the flux-

controlled synthetic method. Since Mo aligned markers were damaged during the 

synthesis, 10 nm Ti/35 nm Au markers were patterned and deposited on the substrate. 

Next, channels consisting of pure 2H, 1T′, and back-to-back 1T′/2H/1T′ regions were 

patterned using EBL and then etched using 30% H2O2. Finally, 10 nm Ti/80 nm Au 

contact fingers were patterned and deposited using EBL and EBE, respectively. 

 

C.6 Synthesis Details of monolayer 2H-MoS2 

200 µg NaCl (through drop casting 40 µL 5 mg/mL NaCl solution) and 5 mg 

MoO3 (99.5%, Sigma Aldrich) were placed on two 0.5 cm x 0.5 cm SiO2 /Si substrates 

separately. NaCl and MoO3 were placed 3 cm apart in a 5 cm x 2 cm x 2 cm alumina boat. 

A 2 cm x 2 cm SiO2 /Sisubstrate was placed face down on the alumina boat contain NaCl 

and MoO3 at the center of the heating zone in a 3-in. quartz tube (MTI Corporation). 
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Another alumina boat containing 0.8 g S (99.98%, Sigma-Aldrich) was placed on the 

upstream side (S was heated to ~150 °C when the furnace reached 730 °C). After the 

quartz tube was evacuated to < 100 mTorr, Ar flowed at a rate of 500 sccm until the 

pressure reached atmospheric pressure. At atmospheric pressure, Ar flowed at the rate of 

25 sccm. For the synthesis of monolayer 2H-MoS2, the furnace was ramped to 730 °C in 

30 min (ramp rate ~ 23.5 °C/min) and was kept at that temperature for 5 min. After the 

reaction, Ar was turned to the flow rate of 100 sccm and the furnace was rapidly cooled 

down to room temperature with the furnace lid open. 

 

C.7 Growth of PTCDA on 2D TMDCs 

The growth of PTCDA was carried out in a furnace (Fischer/Blue M HTF55347) 

using a 1-inch quartz tube (MTI Corporation). A quartz crucible (26 mm L x 10 mm W x 

8 mm H) containing 30 mg PTCDA powder (97%, Sigma Aldrich) was placed in the 

center of the heating zone. CVD 2D TMDCs were placed downstream 5 cm away from 

the center. The quartz tube was evacuated to < 100 mTorr. The source powder was heated 

to 250 °C in 15 min (linear ramp rates ~ 15°C/min) and was kept at 250 °C for 20 min 

before cooling down naturally. 

 

C.8 ALD of HfO2 

ALD was carried out at 150 ℃ and base pressure of ~5 Pa using 

Tetrakis(dimethylamido) hafnium (TDMAH) and H2O as precursors. 20 sccm N2 was 

used as carrier gas. The pulse/purge time for Hf and H2O precursors were 250 ms/60 s 

and 100 ms/60 s, respectively. 


