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ABSTRACT 

Synthesis and Characterization of 2H and 1T’ Molybdenum Ditelluride 

(MoTe2) 

by 

Xiang Zhang 

Molybdenum ditelluride (MoTe2) is a member of the two-dimensional 

transition metal dichalcogenides (TMDs) family, which owns unique structures and 

interesting properties compared to other group VI TMDs. MoTe2 has two different 

stable structures at room temperature, the semiconducting 2H phase and metallic 1T’ 

phase. 2H MoTe2 has a small band gap of ~ 1 eV, which is quite similar to that of Si. 

Besides, due to the energy difference between the two phases is very small, 

theoretically, it is possible to reversibly switch from 2H phase to 1T’ phase in some 

conditions.  

In this thesis, controllable synthesis of 2H and 1T’ MoTe2 is demonstrated. 

As-grown samples are characterized by optical microscopy, Raman spectroscopy, 

SEM, AFM, XPS, XRD, UV-vis, etc. We also fabricated MoTe2-based electronic devices 

and measured their electrical properties. 
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Chapter 1 

Introduction 

1.1. Nanomaterials 

Nanomaterials refer to the materials of which the length scale, in any 

dimension, is approximately 1 to 1000 nm but is usually 1 to 100 nm. Nanomaterials 

represent the cornerstone of nanoscience and nanotechnology, which have broad and 

interdisciplinary research areas. The development of nanomaterials research grows 

explosively worldwide in the past few years and already have a significant impact not 

only at the laboratory stage, but also in industry and commerce, and even everyday 

life.   Due to their unique optical, electrical, mechanical, thermal and other properties, 

nanomaterials have the potential for applications in electronics, energy technologies, 

medicine and other fields. 

Nanomaterials can be categorized as different methods of classification 

including origin, dimensions, and their structural configuration. Based on the number 
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of dimensions, nanomaterials can be classified as zero-dimensional (0D) class of 

quantum dots, one-dimensional (1D) class of nanoribbons, nanotubes and nanowires, 

two-dimensional (2D) class of single-atom thick materials, and three-dimensional 

(3D) class of nanoballs and nanocones 1 For example, the different allotropes of 

carbon include 3D diamond and graphite, 2D graphene, 1D carbon nanotubes and 0D 

buckyballs.  

The first isolation of graphene from graphite and electrical characterization of 

graphene transistor by Geim and Novoselov 2 were deemed to be the birth of 2D 

materials. After that, another branch of layered materials started to thrive and draw 

the attention from scientists for a decade, because of the new properties and 

applications emerging in the 2D materials. 

1.2. 2D materials 

Layered materials have been studied for more than one hundred years, while 

only recently have they received much attention since their true potential for 

advanced technological applications. Atomically thin 2D materials provide a wide 

range of basic building blocks with unique properties different from their bulk 

counterparts. 2D materials appear as the most suitable candidate to create a new 

generation of electronic devices due to their atomic thickness. Field-effect transistors 

based on 2D materials exhibited unique electronic properties such as high electron 

mobility and high on/off ratio. 2D materials can be used for high-gain photo-detection 

because the charge carriers in them indicate large mobility. 2D materials are of 
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considerable interest in catalysis because they have a very high specific surface area 

which provides a high density of surface active sites. 2D materials have excellent 

mechanical properties such as high stability and durability. Electron scattering in 2D 

materials is much less than their bulk counterparts, which makes they own high 

thermal conductivity. 2D materials are an ideal candidate for engineering entirely 

new categories of materials. 

1.2.1. Graphene 

Graphene, a flat monolayer of carbon atoms tightly packed into a two-

dimensional honeycomb lattice, is a basic building block for graphitic materials of all 

other dimensionalities. Graphene can be wrapped up into 0D fullerenes, rolled into 

1D nanotubes or stacked into 3D graphite.3 

 



 
4 

4 
 

Carbon atoms in graphene lattice are arranged in a hexagonal structure, as 

shown in Figure 1.2. The structure can be seen as a triangular lattice with a basis of 

two atoms per unit cell. The lattice vectors are given by 
1 (3, 3)

2

a
a 

, 
1 (3, 3)

2

a
a  

, 

where 𝑎 ≈ 0.142 𝑛𝑚 is the carbon-carbon distance. The reciprocal-lattice vectors are 

given by 
1

2
(1, 3)

3
b

a




, 
2

2
(1, 3)

3
b

a


 

. 

 

Figure 1.2 Honeycomb lattice and its Brillouin zone. Left: lattice structure of 

graphene. Right: corresponding Brillouin zone. The Dirac cones are located at   

and   points. 4 

Two conical points K  and 'K , or Dirac points, at the corners of graphene 

Brillouin zone play an important role in the physics of graphene. Their positions in 

Figure 1.1 Graphene is a 2D building material for carbon 

materials of all other dimensionalities, including 0D 

buckyballs, 1D nanotubes and 3D graphite.3 
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momentum space are given by 

2 2
( , )
3 3 3

K
a a

 


, 

2 2
' ( , )

3 3 3
K

a a

 
 

, which results in 

two conical points per Brillouin zone where band crossing occurs. The electronic 

structure of graphene follows from a simple nearest-neighbor, a tight-binding 

approximation. As a result, the band structure is shown in Figure 1.3. 

 

Figure 1.3 Band structure of graphene. The conductance band touches the 

valence E band at the   and   points.5 

Graphene is a typical semi-metallic material, which has a small overlap 

between the conductance band and the valence band. Electrons from the top of the 

valence band can flow into the bottom of the conductance band even without thermal 

excitation. Therefore, when the temperature is absolute zero, the conduction band 

has a certain concentration of electrons, while the valence band has equal 

concentration of holes. Electron transmission in graphene shows the half-integer 

quantum Hall effect and the relativistic particle properties. 



 
6 

6 
 

Graphene offers a number of fundamentally superior qualities that make it a 

promising material for a wide range of applications. Its unique form factor and 

exceptional physical properties have the potential to enable an entirely new 

generation of technologies beyond the limits of conventional materials. The 

extraordinarily high carrier mobility and saturation velocity can enable a fast 

switching speed for radio-frequency analog circuits. Because of incapable of a true 

off-state, graphene typically precludes its applications in digital logic electronics 

without bandgap engineering. The versatility of graphene-based devices goes beyond 

conventional transistor circuits and includes flexible and transparent electronics, 

optoelectronics, sensors, electromechanical systems, and energy technologies. 

Besides, excellent optical, mechanical and thermal properties are also found in 

graphene.  

1.2.2. Boron nitride (BN) 

Boron nitride (BN) is a compound consisting of equal numbers of boron and 

nitrogen atoms. BN powder is commonly used in industry as a lubricant in metal 

processing because of its excellent high-temperature stability and lubricating 

properties. BN exists in several crystalline forms: amorphous BN (a-BN), cubic BN (c-

BN) similar to diamond, wurtzite BN (w-BN) corresponding to lonsdaleite, hexagonal 

BN (h-BN) in AB stacking and rhombohedral BN (r-BN) in ABC stacking. h-BN is a sp2-

bonded 2D material corresponding to graphene, which is often called white graphene.  

h-BN has a honeycomb structure. The lattice constant values for h-BN are very 

close to the graphite lattice constant values, which are only 1.7% larger than 
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graphene. The length of B-N bonds is 1.45 Å, while the distance between the centers 

of neighboring borazine (B3N3H6) rings is 2.50 Å. 6 The spacing between two 

successive layers is 0.334 nm, which is similar to that of graphene. 

 

Figure 1.4 Graphite (a) and hexagonal boron nitride (b) stacking sequence and 

lattice parameters. 7 

BN doesn’t have any optical absorption in the visible region, which exhibits 

high transparency. BN nanostructures have a very wide band gap (5.0-6.0 eV) with 

high breakdown field. Therefore, BN nanostructures have been used as dielectric 

substrates for electronic devices serving as spacers, protectors or gate layers. BN 

nanostructures also have excellent chemical and thermal stability, high thermal 

conductivity, outstanding oxidation resistivity and low friction coefficient  

1.2.3. Transition metal dichalcogenides 

Transition metal dichalcogenides (TMDs) are in the form of MX2, where M 

stands for the transition metal, such as Mo, W, Nb, Re, Ni and V, X stands for 

chalcogens, such as S, Se, and Te. TMDs have strongly covalent bonded 2D X-M-X 
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layers and weak interlayer Van der Waals interactions. 1T (T refers to trigonal) and 

2H (H refers to hexagonal) are usually the most stable phases for TMDs. Metal atoms 

are in octahedral coordination with neighboring chalcogens in 1T phase, while in 2H 

phase the coordination is trigonal prismatic.  

 

Figure 1.5 Crystal structures of the 1T and 2H crystal structures of the MX2 

family (X=yellow sphere).8 
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Figure 1.6 Crystal structures of the 1T and 2H crystal structures of the MX2 

family (X=yellow sphere).9 

Mo and W dichalcogenides are the most studied TMDs. They have sizeable 

band gap around 1-2 eV which are summarized in Table 1.1. 

Table 1.1 Summary of MoX2 and WX2.10 

 Mo W 

S MoS2 (1.8) WS2 (2.1) 

Se MoSe2 (1.38) WSe2 (1.75) 

Te MoTe2 (1.07) WTe2 (1.03) 
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1.3. Synthesis methods of 2D materials 

1.3.1. Mechanical exfoliation (top-down approach) 

Mechanical exfoliation method was used by Geim and Novoselov to separate 

the graphene sheets from graphite flakes in 2004.2 In this method, commercially 

layered material is peeled off by using scotch tape and multi-layer material remains 

on the tape.  multi-layer material becomes thinner after repeating peeling among 

tapes. Eventually few-layer or even monolayer 2D material can be obtained by 

adhering the tape to a target substrate like silicon wafer. Taking advantage of the 

weak Van der Waals force between two layers of 2D materials, the mechanical 

exfoliation method is relatively simple, fast, low-cost and has less destructive than 

other methods. The few-layer or monolayer 2D materials obtained by this method 

have high quality and clean surface. However, due to the limited size of exfoliated 

flake and the absence of layer number controllability, the mechanical exfoliation 

method is not suitable for large-scale production.  
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Figure 1.7 An illustrative procedure of the Scotch-tape based micro-

mechanical cleavage of HOPG.11 

1.3.2.  Chemical vapor deposition (CVD) (bottom-up approach) 

The recent development of CVD technique has allowed successful production 

of 2D materials with large-scale, regular shape, uniform, and controllable thickness, 

greatly encouraging the utilization of 2D materials for practical device fabrications 

and other applications. 

In the CVD process, a thin solid film is deposited onto a substrate via the 

chemical reactions of vapor species. A typical CVD setup consists of a gas delivery 

system, precursors, a reactor and a gas removal system, which is shown in Figure 1.8. 

During the growth process, reactive gas species and precursor vapors are fed into the 

reactor by the gas delivery system. In the reactor, a chemical reaction takes place and 
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the solid thin film is deposited onto substrates which were loaded previously. All the 

non-reacted gas and by-products are removed through the gas removal system.  

 

Figure 1.8 The schematic diagram of a typical tube-furnace CVD system. Gas 

flows are regulated by MFCs, and fed into the reactor through a gas-

distribution unit. Chemical deposition takes place in the reactor that is heated 

by the outside heaters. The exhaust gases are removed by vacuum pumps.12 

To synthesize monolayer graphene, various kinds of carbon precursors can be 

used, such as solid, liquid and gas precursors. The growth involves transition metals 

serving as substrates and catalysis, including Copper (Cu), Nickel (Ni), Cobalt (Co), 

Platinum (Pt) and others. Cu, Ni, and methane (CH4) are widely used in the synthesis 

of large-area graphene film. For example, during CVD growth of graphene on Cu foils, 

H2, Ar and CH4 constitute the gas delivery system. Cu foils are used as the substrates 

in the reactor, or tube furnace. A vacuum pump is used to remove exhaust gas and 

maintain the low pressure in the tube furnace. A typical process of CVD growth of 

graphene is shown in Figure 1.9. 
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Figure 1.9 A typical process of CVD growth of graphene.13 

1.4. Characterization methods 

1.4.1. Optical microscopy 

Although 2D material only has one or few atomic layers, it can be imaged 

under an optical microscope. In fact, graphene was distinguished by optical 

microscope when it was first discovered. The most common substrate that has been 

used to visualize single and few layers is SiO2 on Si wafer. Due to the interference 

effect from reflection of the two surfaces of the SiO2, 2D materials own color contrasts 

between flakes and the substrate. 

Figure 1.10 shows the optical image for different thickness of graphene on 

SiO2/Si substrates. Optical microscope is convenient and has been popular in the 

rough determination of the layer numbers.  
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Figure 1.10 The optical images of graphene sheets with different 

thicknesses.14 

1.4.2. Raman spectroscopy 

Raman spectroscopy relies on inelastic scattering of monochromatic light, 

providing valuable structural information about materials. When a laser is incident 

onto a sample, a small proportion of the scattered light might be shifted from the 

original laser wavelength. The difference between the incoming laser and scattered 

light indicates the information of vibrational modes, which are fingerprints of 

materials. In addition, due to differing interlayer interactions, Raman spectra varies 

with the layer number of materials. The intensity and frequency of Raman peaks can 

be used to determine the thickness of 2D materials. 

The primary Raman peak for h-BN is typically found in the region of 1366–

1373 cm−1. This peak originates from E2g photon mode, which is analogous to the G 

peak of graphene. With the decreasing number of layers, the peak becomes weaker.  
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Figure 1.11 a) Raman spectra of BN. (b) Position of the Raman peak for 

different thickness.15 

The Raman spectra of bulk TMDs with trigonal prismatic (or 2H) structure 

exhibits three active peaks at high frequencies, E1g, E2g
1  and A1g. E1g and E2g

1  are in-

plane modes, while A1g is an out-of-plane mode. The in-plane modes shift to lower 

frequencies (or blue shift) and the out-of-plane mode shifts to higher frequencies (or 

red shift) with the increasing number of layers.  

For bulk MoS2, the E2g
1  peak is at 382 cm-1 and the A1g peak is at 407 cm-1. 

For monolayer MoS2, the E2g
1  peak is at 385 cm-1 and the A1g peak is at 403 cm-1. The 

frequency difference can be used to determine the layer number of MoS2. 
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Figure 1.12 (a) Raman spectra of MoS2 with different thickness. (b) 

Frequencies of  𝐄𝟐𝐠
𝟏  and  𝐀𝟏𝐠 modes and their difference as a function of thi 

ckness.16 

1.4.3. Photoluminescence (PL) spectroscopy 

When a semiconductor is excited with a laser with photon absorptions, 

electron-hole pairs may undergo the reverse process, recombination of an optically 

created electron-hole pairs. This process is accompanied by the spontaneous 

emission of light, which is called photoluminescence. It is required that the laser 

photon energy must be higher than the band gap. Photoluminescence can be used to 

determine band gap, impurity levels, and detect defects.  
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Figure 1.13 (a) PL spectra of MoSe2 with different thickness. (b) PL spectra of 

WSe2 with different thickness.17 

1.4.4. Atomic Force microscope (AFM) 

AFM is a practical tool used to measure layer thickness. By approaching a 

sharp tip close to the sample surface, the electrostatic force between the top and the 

sample can be detected by the deflection of laser and transmitted into a photodiode 

detector.  
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Figure 1.14 AFM image of h-BN flakes.18 

The theoretical thickness of monolayer graphene is 0.335 nm, which is the 

separation distance between two Adjacent graphite layers.19 However the 

measurements of graphene layer thickness ranging from 0.4 to 1.7 nm were reported 

in the literature.20 These inconsistencies mainly originate from the dissimilarities in 

tip interactions with graphene and substrate.21 The typical thickness of monolayer h-

BN is ~0.4 nm.18 The TMD every single layer has a height of 0.6-0. 7 nm.7 

1.4.5. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) 

Because electrons have a small de Broglie wavelength, electron microscopy 

techniques were invented to achieve higher spatial resolution than the optical 

microscope. SEM and TEM are the two methods which are frequently used in 2D 
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materials research. SEM is based on scattered elections, while TEM relies on 

transmitted electrons. SEM focuses on the surface, morphology, and composition of 

the sample. TEM seeks to see what is inside or beyond the surface, such as 

morphology, crystallization, layer sizes, interlayer stacking relationships, stress or 

even magnetic domains. Last but not the least, SEM has a lower resolution of tens of 

nm, whereas TEM has a higher resolution of 1 nm or less.  

 

Figure 1.15 (a) Low-magnification image of a BN sheet. (b) High-resolution 

TEM image of a BN sheet.22 

1.4.6. X-ray diffraction (XRD) 

XRD is a useful technique to determine the crystal phase and structure. X-ray 

are generated by a cathode ray tube, which then strike toward the material. The 

periodic atomic structure in the material causes the incident X-rays to diffract into 

many specific directions. The angles and intensities of these diffracted X-rays are then 
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collected and measured.  Unit cell dimensions, geometry, the density of electrons 

within the crystal can be obtained from the angular positions of XRD peaks.  

1.5. Properties and applications 

1.5.1. Electronic devices 

Because 2D materials have atomic dimensions, smooth surface, and high 

flexibility, they are promising for next generation electronics applications. Graphene 

was observed to have ultrahigh carrier mobility as the channel material in field 

emission transistors (FET).2 TMD-based FETs exhibit high on/off ratio and high 

carrier mobility. Figure 1.16 shows a monolayer MoS2 FET, which contains three 

parts: source-drain metal contacts, 2D material channel, and dielectric layer served 

as the gate electrode.  

 

Figure 1.16 (a) Cross-sectional view of the structure of a monolayer 

MoS2 FET . (b) Room-temperature transfer characteristic for the FET with 

10 mV applied bias voltage Vds.23 
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In addition to serving as the channel material, graphene has also been 

demonstrated to be the promising electrode material.24 Due to its optical 

transparency, high flexibility,  excellent conductivity, graphene can be used in solar 

cells, organic light-emitting diodes, and nonvolatile memory devices. Besides, h-BN is 

a promising material as a dielectric layer or substrate for 2D electronic devices.25 

1.5.2. Catalysis 

Owing to their unique structural and electronic properties, some 2D materials 

show excellent performance in catalysis. They have been used in a variety of reactions, 

such as oxygen reduction reaction, oxygen evolution reaction, hydrogen evolution 

reaction (HER), water splitting and CO2 activation.  

Figure 1.17 indicates 1T MoS2 nanosheets exhibit excellent catalytic activity 

toward the evolution of hydrogen. The activity of 2H MoS2 is extremely reduced after 

partial oxidation, while 1T MoS2 remains unaffected after oxidation.26 
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Figure 1.17 HER activity of exfliated MoS2 nanosheets. (a) Polarization curves 

of 1T and 2H MoS2 nanosheet electrodes before and after edge oxidation . (b) 

Corresponding Tafel plots obtained from the polarization curves.26 

Researchers report that engineering defects, strains, crystal boundaries, and 

doping heteroatoms in 2D materials are two of the most effective ways to increase 

the number of active sites and thus to attain superior performance for 

electrocatalysis.27 

1.5.3. Energy storage 

With the increasing demand of energy, the development of reliable and 

renewable materials for energy storage is highly desirable. Due to their high surface-

to-volume ratios, good conductivity, and excellent electrochemical behavior, 2D 

materials have been drawing researchers’ attention in energy storage, such as 

batteries and supercapacitors.  
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Figure 1.18 (a) Schmatic of an all-nanosheet-based full battery with ZnMn2O4-

graphene hybrid nanosheet anode and LiFePO4 nanosheet cathode. (b) This 

all-nanosheet-based full battery shows high rate capability and cycling 

stability.28 

Because some 2D materials can accommodate more Li+ ions during the Li+ 

ion intercalation process, they have shown the potential to be the electrodes for 

Lithium-ion batteries. For example, Xiong et al.28 fabricated an all-nanosheet-based 

full battery with ZnMn2O4-graphene hybrid nanosheet anode and LiFePO4 

nanosheet cathode, which shows high rate capability and mechanical flexibility 

(Figure 1.18).
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Chapter 2 

Structures and properties of MoTe2 

Molybdenum ditelluride (MoTe2) belongs to the large family of 2D materials, 

specifically VI group TMDs, which has unique structures and interesting features.  

2.1. Crystal structures and phases  

MoTe2 has three different crystal structures: hexagonal (2H phase or α-phase), 

monoclinic (1T’ phase or β-phase), and orthorhombic  (Td phase or γ phase).29 

The 2H structure in 𝑃63/𝑚𝑚𝑐 space group, as described in previous chapter, 

can be defined as sandwiches of three planes of 2D hexagonally packed atoms. The 

lattice constants of 2H MoTe2 are a=3.519 Å, c=13.97 Å. The bond length of Mo-Mo is 

3.52 Å, Mo-Te is 2. 71 Å. 30  

When one of the 2H structure’s Te layers is shifted, the Te atoms are in 

octahedral coordination around the Mo atoms and MoTe2 becomes 1T phase. 
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Because one of the optical phonon modes has an imaginary vibrational frequency, the 

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

influences. 31  

The 1T’ structure is a monoclinic polymorph in 𝑃21/𝑚 . The coordination 

around the metal atom is slightly distorted octahedron of tellurium atoms, with the 

metal atoms displaced from the central position and making chains that run through 

the crystal in the crystallographic y direction.30 The lattice parameters are a=6.330 Å, 

b=3.469 Å, c=13.89 Å, β=93°55’.30 

 

Figure 2.1 The three crystalline phases of 2D group VI TMDs.31 

A Td structure can be obtained by cooling the 1T’ phase down to 247 K.32 The 

Td phase  shares the same in-plane crystal structure as the 1T’ phase but has a vertical 

(90°) stacking and belongs to the non-centrosymmetric space group 𝑃𝑚𝑛21.29 
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Figure 2.2 Crystal structures of MoTe2 in the 1T′ (a) and Td (b) phases. Green 

balls are Mo atoms and red balls are Te ato ms.29 

2H structure is semiconducting, 1T structure is metallic, while 1T’ and Td 

structures are semi-metallic. 
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Figure 2.3 Ground-state energy differences between monolayer phases of the 

some TMDs. The energy U is given per formula unit for 2H, 1T’ and 1T 

phases.31 

Figure 2.3 shows the calculated equilibrium relative energies of 2H, 1T and 1T’ 

phases of some TMDs. Compared to other TMDs, the energy difference between 2H 

and 1T’ MoTe2 is quite small, less than 0.1 eV per MoTe2 unit. Therefore, it is possible 

to reversibly switch from to 2H phase to 1T’ phase in specific conditions. Besides, 

controllable synthesis of different phases of MoTe2 is likely to be achieved.  

2.2. Properties 

Bulk 2H MoTe2 has an indirect band gap of ~1.0 eV, while monolayer 2H 

MoTe2 is a semiconductor with a direct band gap of ~ 1.1 eV.33 It has reported that 
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2H MoTe2 is p-type semiconductor when prepared by using flux of tellurium. 

However, using bromine results in forming n-type semiconductor.34 

2H MoTe2 has a similar band gap to Si (~1.1 eV), which makes it promising to 

be part of transistors and solar cells. It can expand the operating range of TMDs 

optoelectronic devices from visible to the near-infrared. Compared to MoS2 and 

MoSe2, the heavier element Te in 2H MoTe2 leads to a strong spin-orbit coupling and 

possibly to concomitantly longer decoherence times for exciton valley and spin 

indexes.35 In addition, 2H MoTe2 hold promise for use in logic transistors, charge 

density waves, superconductors, spintronics, and valley-optoelectronics.  

1T’ MoTe2 is predicted to be a large gap quantum spin Hall insulator, which 

can be used in a topological field effect transistor to realize fast on/off switching by 

topological phase transition instead of carrier depletion. 36 It has been reported that 

1T’ MoTe2 has a giant magnetoresistance (MR) 0f 16,000% in a magnetic field of 14T 

at 1.8 K in the bulk form.37 Bulk 1T’ MoTe2 exhibits superconductivity with a 

transition temperature of 0.10 K.38 The transition temperature can be raised to 8.2 K 

by applying external pressure at 11.7 GPa.38 

2.3. Phase transition studies 

Figure 2.4 shows two versions of Mo-Te phase diagram. (a) is from ASM Alloy 

Phase Diagram Database, drawn by Keum et al. 37. (b) is drawn by Predel et al. 39 by 

using results present in the literature.  
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Figure 2.4 Mo-Te phase diagrams. (a) is from ASM Alloy Phase Diagram 

Database, drawn by Keum et al. 37 (b) is drawn by Predel et al. 39 by using 

results present in the literature. 

Both of the phase diagrams indicate that 2H MoTe2 is stable at relatively low 

temperature. Phase transition occurs and 1T’ MoTe2 exits when temperature is 

higher than ~800 °C. Besides, it can be noticed from Figure 2.4 (a) that when the 

concentration of Te becomes higher, the transition temperature turns lower.  

Duerloo et al. 31 determined the phase diagrams of TMD monolayers as a 

function of strain by using density functional theory (DFT) and DFT-based methods. 

Figure 2.5 shows that monolayer TMD can be mechanically coupled to a substrate 

with friction, making the lattice parameters a and b independently controlled. 31 For 
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bulk materials, only compression can cause large elastic deformations. But large 

elastic deformations in monolayer TMDs can be achieved by tensile strain. 31  

 

Figure 2.5 (a) Substrate-based application of strain to a TMD monolayer. (b) 

(c) (d) Phase coexistence under an applied force or extension. 31 

Figure 2.5 (b) (c) (d) show a progress in which a tensile mechanical 

deformation expands a region of the TMD monolayer and cause the phase transition. 

At the beginning, the 2H phase deforms elastically and no phase transition is observed. 

Beyond some critical strain in step 2, 2H and 1T’ phases are coexisting in mechanical 

equilibrium. In the end, the mechanically induced phase transition completes and the 

entire TMD monolayer is 1T’ phase. 31 It is predicted that MoTe2 may transform under 

equibiaxial tensile strains of <1.5% under appropriate constraints, while most TMDs 

need 10-15%.31 

 In addition to applying strains, Zhou et al. 40 finds that atomic adsorption 

generally favors 1T’ phase, while molecular adsorption induces 2H phase. By 

introducing gasses during the growth or cooling process, it may be possible to bias 

the grown MoTe2 toward 2H or 1T’ phase. 40 



 
31 

31 
 

Li et al. 41 report that electrostatic gating may induce 2H to 1T’ phase transition 

in TMD monolayer. If the dielectric layers are chosen appropriately, a gate voltage of 

several volts can drive the phase transition. 41 

Cho et al. 42 successfully drive a MoTe flake transform from 2H phase to 1T’ 

phase by using laser irradiation. The laser-driven phase patterning can also fabricate 

a heterophase homojunction. 42  Figure 2.6 shows the schematic of the process. 

 

Figure 2.6 Schematic of the laser-irradiation process.42 
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Chapter 3 

Synthesis and characterization of 2H 

and 1T’ MoTe2 

3.1. Introduction 

People have been using CVD method to synthesize 2D materials by metal or 

metal oxide deposition and subsequent reaction with S or Se. For example, Zhan et al. 

43 grew few-layer MoS2 by sulfurization of a thin Mo film. Song et al. 44 synthesized 

WS2 nanosheets through the sulfurization of WO3 film. Woods et al. 45 used the 

similar method to fabricate MoS2/WS2 layered heterostructure by one-step 

synthesis.  

Figure 3.1 (a) and (b) show a typical growth schematic. Figure 3.1 (c) and (d) 

indicate morphologies of the samples.  
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Figure 3.1 (a) A schematic of the growth setup of MoS2. (b) The heating 

profiles for the two zones. (c) Optical microscope and (d) scanning electron 

microscope (SEM) images of an unoptimized MoS2 film. Monolayer(ML), 

bilayer(BL) and substrate (SUB) areas are marked. 46 

This method has couples of advantages. Firstly, a large continued film of TMDs 

can be synthesized by this method, which makes it possible to use TMDs for wafer-

scale devices or other applications. Second, the thickness of as-grown TMDs can be 

well-controlled, which is mainly determined by the thickness of metal or metal oxide 

film. Third, the substrate has less effect during the growth. People have successfully 

used SiO2/Si43, sapphire46, MgO47, etc. 
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3.2. Methods 

Molybdenum film is firstly deposited onto substrates by e-beam evaporation., 

which is placed into a ceramic crucible at the center of a CVD furnace.  Another 

ceramic crucible containing Te powder is placed upstream relative to the gas flow 

direction. Carrier gas H2/Ar is maintained during the whole growth process. After 

purging for 20 mins, the furnace is heated up to a high temperature at a rate of 50 

°C/min. The temperature is kept at the temperature for a while before cooled down 

to room temperature. 

 

Figure 3.2 (a) The schematic illustration of the synthesis process. (b) The 

schematic illustration of the CVD tube furnace and locations of Te crucible and 

Mo/substrate in the furnace. 

To characterize the optical and physical structures of the MoTe2 film. Optical 

microscopy, Raman spectroscopy, SEM, XRD, AFM, XPS, UV-vis, etc. are used.  



 
35 

35 
 

In this work, Mo film is first deposited onto SiO2/Si. The film thickness and 

surface roughness are measured by AFM, as shown in Figure 3.3. The AFM images 

indicate that the Mo film has a thickness of ~6 nm and a surface roughness of  0.4 nm. 

 

Figure 3.3 (a) (b) The AFM images of evaporated Mo film. The height profile 

(inset) in (a) shows that the film has a thickness of 6 nm. 

3.3. Results 

3.3.1. Synthesis and characterization of 2H MoTe2 film 

The growth process is the same as the description in the method. To 

synthesize 2H MoTe2, the furnace was heated to 700 °C and kept at 700 °C for 2 hours.  

Figure 3.4 (a) shows an optical image of an as-grown MoTe2 film with 

homogeneous color contrast. Figure 3.4 (b) shows a SEM image of the same film. Both 

images reveal that the film is uniform and continued.  
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Figure 3.4 (a) Optical image of an as-grown MoTe2 film on SiO2/Si. (b) SEM 

image of the same MoTe2  film 

To further investigate the quality of the MoTe2 film, Raman spectroscopy, XRD 

and XPS were used. Figure 3.5 (a) shows Raman-active modes of E1g (~118 cm−1), 

A1g  (~172 cm−1 ), E2g
1  (~231 cm−1 ), B2g

1  (~287 cm−1 ). E2g
1  and E1g  are in-plane 

modes. A1g and B2g
1  are out-of-plane modes. Their peaks are consistent with previous 

studies, which confirm that 2H-MoTe2 film is successfully synthesized. Figure 3.5 (b) 

shows the XRD pattern of the as-grown sample. (002), (004), (006) and (008) planes 

were observed. Although the film is quite thin, the intensity of peaks is relative high, 

suggesting that the 2H-MoTe2 films are highly oriented in the direction parallel to the 

van der Waals planes or the plane of the substrates. 48 Figure 3.5 (c) and (d) display 

XPS spectra of Mo 3d and Te 3d of the as-grown 2H-MoTe2 film. Mo 3d have peaks at 

228.5 eV (3d5/2) and 231.6 eV (3d3/2). Te 3d have peaks at 573.1 eV (3d5/2) and 583.5 

eV (3d3/2). All of them are originate from Mo-Te bonds. 48 In addition, the atomic ratio 

of Mo:Te is 1: 2.1, in conformity with the stoichiometry.  
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Figure 3.5 (a) Raman spectra of an as-grown MoTe2 film on SiO2/Si. (b) XRD 

patterns of the MoTe2 film. XPS spectra of Mo 3d (c) and Te 3d (d) of the 

MoTe2 film. 

The thickness and surface roughness of 2H MoTe2 film was measured by AFM. 

Figure 3.6 (a) shows the AFM image of 2H MoTe2 film, indicating that the film has a 

thickness of ~10 nm and a surface roughness of 0.9 nm. MoTe2 film is thicker than 

Mo film, which is reasonable because MoTe2 has a plane of Mo atoms sandwiched 

between two planes of Te atoms.  
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Figure 3.6 AFM image of 2H MoTe2 film. The height profile (inset) indicates 

that the film has a thickness of 10 nm. 

3.3.2. Synthesis and characterization of 1T’ MoTe2 film 

The growth process is the same as the description in the method. To 

synthesize 1T’ MoTe2, the furnace was heated to 800 °C and kept at 800 °C for 2 hours.  

Figure 3.7 (a) shows an optical image of an as-grown MoTe2 film. Figure 3.7(b) 

shows a SEM image of the same film. Most part of both images is uniform and 

continued. A lot of scattered small black patterns in Figure 3.7 (a) or white patterns 

in Figure 3.7 (b) can be observed.  
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Figure 3.7 (a) Optical image of an as-grown MoTe2 film on SiO2/Si. (b) SEM 

image of the same MoTe2  film 

Raman spectroscopy, XRD, XPS were used to investigate the quality of the 

MoTe2 film. Figure 3.8 (a) shows Raman-active modes of Au (~108 cm−1), Ag (~127 

cm−1), Bg  (~161 cm−1), Ag  (~256 cm−1). Their peaks are consistent with previous 

studies37, which confirm that 1T’-MoTe2 film is successfully synthesized. Figure 3.8 

(b) shows the XRD pattern of 1T’ MoTe2 film. (002), (004), (006) and (008) planes 

were observed, where the intensity of peaks is also very high. Figure 3.8 (c) and (d) 

display XPS spectra of Mo 3d and Te 3d of as-grown 1T’-MoTe2 film. Mo 3d have peaks 

at 228.1 eV (3d5/2) and 231.3 eV (3d3/2). Te 3d have peaks at 572.8 eV (3d5/2) and 

583.1 eV (3d3/2).  All of them are originate from Mo-Te bonds. 48 In addition, the 

atomic ratio of Mo:Te is 1: 1.9, in conformity with the stoichiometry.  Peaks from oxide 

compounds of Mo and Te can be found in the XPS, which may due to samples oxidizing 

in air. 
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Figure 3.8 (a) Raman spectra of 1T’ MoTe2 film on SiO2/Si. (b) XRD patterns of 

the MoTe2 film. (c) AFM image of 1T’ MoTe2 film. (d) The height profile of the 

blue line in (c). 

Figure 3.9 (a) and (b) show the AFM images of the MoTe2 film. It is noted that those 

small patterns are pinholes, which may be caused by the thin Mo film cracking at high 

temperature. These small pinholes can be observed when the growth temperature is 

above 700°C. After we anneal Mo film at 800°C without any Te source, the similar 

patterns also appear, confirming that they are not generated from the reaction 

between Mo and Te. The thickness of the 1T’ MoTe2 film is ~11 nm, which is very 
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close to the thickness of 2H MoTe2 film. The AFM also gives the surface roughness of 

1T’ MoTe2 film is ~1.3 nm. Compared with 2H MoTe2 film, 1T’ MoTe2 film has a 

larger roughness. It can be attributed to Mo film cracking as well. 

 

Figure 3.9 (a) AFM image of 1T’ MoTe2 film. (b) The height profile of the blue 

line in (a). 

3.3.3. Optical properties and band gap of 2H and 1T’ MoTe2 

To compare the optical properties between 2H and 1T’ MoTe2, a photograph 

of Mo film before growth, 2H MoTe2, and 1T’ MoTe2 after growth is shown in Figure 

3.10. All the substrates are SiO2/Si. It is visible that the color contrasts of three 

samples are different, due to their different light absorption rate. The size of each 

sample is as large as centimeters. 
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Figure 3.10 The photograph of three different sampels, from left to right, Mo 

film before growth, 2H MoTe2, 1T’ MoTe2. All the substrates are SiO2/Si. 

To measure the absorption spectra, we choose sapphire as the substrate and 

grow MoTe2 on it by the same method as we describe before. Figure 3.11 shows the 

absorption spectra of three different samples.  

 

Figure 3.11 (a) Absorption spectra of Mo film, 2H MoTe2 and 1T’ MoTe2 on 

sapphire. (b) Absorption spectra of 2H MoTe2 from (a). 
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Figure 3.11 (a) is the absorption of the three samples. Several peaks are clearly 

observable in the spectra of 2H MoTe2, which are labeled in Figure 3.11 (b). There is 

a small step around 850 nm in all three curves, which is generated from lamp 

switching by ultraviolet-visible (UV-vis) spectrophotometry. Except to this step, the 

spectra of Mo film and 1T’ MoTe2 don’t have any peaks, which means their band gap 

is not in this range. The peaks in the spectra of 2H MoTe2 are associated with 

transitions in different parts of the Brillouin zone.33 The A and B peaks are excitonic 

peaks related to the lowest direct optical transition at the K- point. 49 The energy 

difference between A and B is due to the spin-orbit splitting of the corresponding 

bands, where the valence-band splitting contributes mostly.50 All the other peaks are 

associated with different transitions between bands.  

The center position of the peak A is ~1174 nm. As a result, the band gap of 2H 

MoTe2 is ~1.05 eV, corresponding to a narrow band gap semiconducting state. 

The absorbance A is defined by Beer-Lambert law, 

𝐴 = log
𝐼𝑜

𝐼𝑡
= 𝜀𝑐𝑙 

Where 𝐼𝑜 is the intensity of the incident light, 𝐼𝑡 is the transmitted intensity, l 

is the path length through the sample, c is the concentration of the absorbing species, 

𝜀 is a constant called molar absorptivity or extinction coefficient. An absorbance of 0 

means no light has been absorbed. An absorbance of 1 means 90% of the light has 

been absorbed, while only 10% of the light transmits.  
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According to the UV-vis measurement results, Mo film is the most transparent 

on among the three samples. 2H and 1T’ MoTe2 have similar absorbance intensity in 

the visible spectrum (400-700 nm). When it comes to near-infrared (IR), 2H MoTe2 

absorbs less light than 1T’ MoTe2. In addition, 2H MoTe2 has a band gap in that range, 

which makes it a potential material for IR sensor. 

3.3.4. Lattice constant of 2H and 1T’ MoTe2 

XRD patterns of 2H and 1T’ MoTe2 have been demonstrated in the previous 

paragraph. Although the same planes were detected in both 2H and 1T’ MoTe2, the 

locations of peaks are different. As illustrated in Figure 3.12, the peaks of 1T’ MoTe2 

shift towards higher angle side compared to 2H MoTe2. 
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Figure 3.12 XRD patterns of 2H and 1T’ MoTe2. 

 

Table 3.1 The plane postions and shift of 1T’ and 2H MoTe2. 

 (002) (004) (006) (008) 

1T’ MoTe2 12.87° 25.95° 39.44° 53.40° 

2H MoTe2 12.64° 25.56° 38.81° 52.49° 

Difference 0.23° 0.39° 0.63° 0.91° 



 
46 

46 
 

Table 3.1 shows all the planes and angles from XRD patterns. The difference of 

diffraction peaks between 1T’ and 2H MoTe2 at each plane increases from (002) to 

(008). The weighted average wavelength of CuK-alpha 1.54186 Å is used to calculate 

the spacing between diffracting planes.  

According to Bragg’s law,  

2dsin θ=nλ 

𝑑ℎ𝑘𝑙 =
d

n
=

λ

2sin θ
 

Where h, k, l, are the miller indices of the Bragg plane. When h=k=0, 

𝑑00𝑙 =
c

𝑙
 

c is the lattice spacing along c direction. 

Table 3.2 shows the results by using the Bragg’s law and XRD data. We can 

calculate that the average c’ for 1T’ MoTe2 is 13.73 Å, and the average c for 2H MoTe2 

is 13.95 Å. c is larger than c’, which is consistent with the result from the database. 

 

Table 3.2 The calculation of the lattice spacing along c direction for 1T’ and 2H 

MoTe2. 
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3.4. Conclusion 

In this chapter, we demonstrate that 2H and 1T’ MoTe2 have been successfully 

synthesized by tellurizing Mo film on different substrates. Optical microscopy, Raman 

spectroscopy, AFM, XPS, XRD, UV-vis are used to characterize as -grown samples. 

Based on the results, we can make conclusions that as-grown MoTe2 film has a 

thickness of ~10 nm with good quality and uniformity. 2H MoTe2 has a narrow band 

gap of ~1.05 eV, which is promising to be used in IR sensor. The lattice.  

We have learned that the color contrasts of 2H and 1T’ MoTe2 are visibly 

different. Moreover, Raman spectroscopy is a powerful technique to distinguish 

between these two phases, since the difference of peak intensity and location is 

 (002) (004) (006) (008) 

1T’ (2θ)/° 12.87 25.95 39.44 53.4 

2H (2θ)/° 12.64 25.56 38.81 52.49 

 

1T’ (θ)/° 6.435 12.975 19.72 26.7 

2H (θ)/° 6.32 12.78 19.405 26.245 

 

1T’ 𝐝’𝒉𝒌𝒍/ Å 6.8786 3.4336 2.2847 1.7158 

2H 𝐝𝒉𝒌𝒍/ Å 7.0033 3.4851 2.3204 1.7434 

 

1T’ c’/ Å 13.757 13.734 13.708 13.726 

2H c/ Å 14.006 13.940 13.922 13.947 
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obvious as shown in Figure 3.13. These conclusions will help us identify 2H and 1T’ 

MoTe2 in the following chapters.  

 

Figure 3.13 Raman spectra of 2H and 1T’ MoTe2.
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Chapter 4 

Synthesis and characterization of 

mixed-phase MoTe2   

4.1. Introduction 

In the last chapter, we have demonstrated the synthesis and characterization 

of 2H MoTe2 and 1T’ MoTe2 separately. During the course of our experiments, we 

found that a MoTe2 film containing two different phases can be synthesized in some 

conditions. In this chapter, we are going to study the synthesis and characterization 

of 2H and 1T’ mixed-phase MoTe2. 

4.2. Methods 

The method is the same as the method described in the last chapter.  Optical 

microscopy, Raman spectroscopy, XRD, AFM, XPS were used to characterize the as-

grown samples. 
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4.3. Results 

4.3.1. Synthesis and characterization of mixed-phase MoTe2 

When the reaction temperature is 650 °C and synthesis time is 2 hours, areas 

with different contrast color are found in the as-grown sample. Figure 4.1 (a) shows 

a photograph of the sample. Raman spectroscopy is used to distinguish phases. In 

Figure 4.1 (b), the left side with bright contrast is confirmed as 2H phase MoTe2, 

while the rest area with dark contrast is 1T’ MoTe2. We can also find some areas 

where only one phase dominates, such as 2H MoTe2 in Figure 4.1 (c) and 1T’ MoTe2 

in Figure 4.1 (d). 
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Figure 4.1 (a) A photograph of the mixed-phase MoTe2 sample. (b) (c) (d) 

optical images of the mixed-phase MoTe2 sample. The incets in (c) and (d) are 

Raman spectra of 2H MoTe2 and 1T’ MoTe2 respectively. 

A Raman mapping is conducted in the square region in Figure 4.2 (a). The 

mapping images for E2g
1  and Bg  modes are shown in Figure 4.2 (b) and (c) 

respectively.  Because E2g
1  is the prominent peak of 2H MoTe2 and Bg  is the 

prominent peak of 1T’ MoTe2. The Raman mapping can indicate the distribution of 

2H and 1T’ MoTe2. As a result, 2H MoTe2 region is clearly separated from the 1T’ 

MoTe2. Therefore the color contrast different can help distinguish between regions 

of 2H MoTe2 and 1T’ MoTe2. 
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To study the synthesis conditions of mixed-phase MoTe2, we have done a 

series of growth by varying reaction temperature and time. 

 

Figure 4.2 (a) Optical image of the interface between 2H and 1T’ MoTe2 

regions. (b) Raman mapping images for 𝐄𝟐𝐠
𝟏  peak. (c) Raman mapping images 

for 𝐁𝐠 peak.   

4.3.2. Synthesis of mixed-phase MoTe2 by varying reaction temperature 

We have conducted the growth at 600°C, 650°C, 700°C, 750°C, and 800°C. The 

reaction time 2 hours of each growth is kept the same. 
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Figure 4.3 Optical images of MoTe2 grown at various temperature. From (a) to 

(e), the reaction temperatures is 600°C, 650°C, 700°C, 750°C, and 800°C 

respectively. The scale bar of all images is 200 µm. 

Figure 4.3 indicates that morphology of MoTe2 changes with temperature.  As 

mentioned in the previous chapter, uniform 2H MoTe2 is synthesized at 700°C and 

uniform 1T’ MoTe2 is synthesized at 800°C. Except to these two conditions, MoTe2 

grown at all other conditions contains both 2H and 1T’ phases.  

4.3.3. Synthesis of mixed-phase MoTe2 by varying reaction time 

To study how reaction time affecting MoTe2 growth, we choose 700°C as 

reaction temperature and the furnace is kept at 700°C for 1 hour, 2 hours, and 3 hours.  



 
54 

54 
 

 

Figure 4.4 Optical images of MoTe2 grown for various reation time. From (a) 

to (c), the reaction time is 1 hour, 2 hours and 3 hours respectively. The scale 

bar of all images is 200 µm. 

Figure 4.4 reveals that morphology of MoTe2 changes with reaction time.  As 

mentioned in the previous chapter, uniform 2H MoTe2 is synthesized at 700°C for 2 

hours. Except to this condition, MoTe2 grown at all other conditions contains both 2H 

and 1T’ phases.  

4.3.4. Phase engineering of MoTe2  

Since the phase of as-grown MoTe2 relies on reaction temperature and time, 

it would be possible to induce phase engineering during the growth.   
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Figure 4.5 The schematic of phase engineering. (a) (b) (c) (d) (e) are optical 

images of as-grown MoTe2. (a) 2H MoTe2 grown at 700°C for 2 hours. (b) 

Mixed-phase MoTe2 grown after (a) for another 1 hour at 700°C. (c) Mixed-

phase MoTe2 grown after (b) for another 1 hour at 550°C. (d) Mixed-phase 

MoTe2 grown after (b) for another 1 hour at 700°C. (e) Mixed-phase MoTe2 

grown after (b) for another 1 hour at 800°C. The incet is the schematic of 

synthesis procedure. 

Figure 4.5 shows the schematic of phase engineering. Firstly the sample grown 

at 700°C for 1 hour turns to be mix-phase MoTe2, as shown in Figure 4.5 (a). If the 

reaction temperature remains the same, but growth time is 2 hours, or adding one 

more hour to (a), uniform 2H MoTe2 (b) is obtained.Once extending the reaction time 

to 3 hours, or adding one more hour to (b), mixed-phase MoTe2 (d) shows up. If 

adding one more hour growth to (b) but increasing the reaction temperature to 700°C, 
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or reducing the reaction temperature to 550°C, mixed-phase MoTe2 are observable 

in Figure 4.5 (c) and (e) respectively.  

The results indicate that phase transition between 2H and 1T’ MoTe2 can be 

achieved by adjusting reaction temperature and time.  

4.3.5. Growth mechanism discussion 

So far we have demonstrated that synthesis of 2H MoTe2, 1T’ MoTe2, mixed-

phase MoTe2 at different conditions. It is worth having a discussion about growth 

mechanism based on the experimental results.  

It is intelligible that 1T’ MoTe2 is synthesized at relatively high temperature 

(800°C), while 2H MoTe2 can be obtained at a little bit lower temperature (700°C). 

Because on the one hand, synthesis of 1T’ MoTe2 needs more energy than 2H MoTe2 

according to Mo-Te phase diagram and theoretical calculation, on the other hand, 

higher temperature induces larger strain which helps stabilize 1T’ MoTe2.  

However, it is interesting we observe 1T’ MoTe2 also synthesized at quite a 

low temperature, such as 600°C. In contrast, the phase diagram indicates only 2H 

MoTe2 can be synthesized at such low temperature. To explain this phenomenon, 

theoretical researchers come up with a conjecture. They find that 1T’ MoTe2 can be 

stable on metal. So if there is some unreacted Mo in the sample, it is possible for 1T’ 

MoTe2 to grow on it even the reaction temperature is low. If the theory has been 

proved to be true, it is understandable that 1T’ MoTe2 can be synthesized at 600°C 
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for 2 hours, or 700°C for 1 hour, where unreacted Mo exists in the sample due to low 

reaction temperature or short reaction time. 

To verify this theory, the ratio of Mo:Te has been investigated by using XPS. 

We picked eight different points on several samples, two of them are uniform 2H 

MoTe2, and others are mixed-phase MoTe2 grown under low temperature (<700°C ) 

or short reaction time (<2 hours). Among these eight points, half of them are located 

in 2H phase region, while the rest of them are located in 1T’ phase region. We find 

that the average ratio of Mo:Te in 2H phase region is 1:2.12, slightly more than 1:2. 

However, for those points in 1T’ MoTe2 regions, the average ratio of Mo:Te is 1:1.76, 

which is less than 1:2. 

In addition, some points on the same sample but different phase region have 

been examined. Two points in 2H phase region show the ratios are 1:2.12 and 1:2.18. 

However, the other two points in 1T’ phase region reveal the ratios are 1:1.79 and 

1:1.68. 

 All of the XPS analysis above states that the ratio of Mo:Te in 2H phase region 

is usually larger than 1:2, and also larger than that in 1T’ phase region. As a result, 

this conclusion is able to support the theory. Furthermore, it is still necessary to have 

cross-section TEM to confirm this theory, which will be conducted in near future.  

 It is also noticeable that if the reaction time is quite long, like 700°C  3 hours, 

the as-grown sample becomes mixed-phase MoTe2, instead of remaining uniform 2H 

MoTe2 grown at the same temperature 700°C but 2 hours. This can be explained by 

checking the phase diagram, where the transition temperature decreases with the 
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increasing concentration of Te. During the growth, there are enough Te precursors in 

the tube, which means the longer reaction time increases the concentration of Te, 

consequently driving the sample transform into 1T’ phase.  

4.4. Conclusion 

In this chapter, we have demonstrated the synthesis and characterization of 

mixed-phase MoTe2. By varying reaction time and temperature, we are able to 

control the as-grown MoTe2 to be uniform 2H phase, or 1T’ phase, or mixed-phase. 

To explain and understand the growth mechanism and phase transition, some 

conjectures and theories are proposed with the support from the XPS analysis. There 

is still some characterization need to be done to further confirm the prediction.  
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Chapter 5 

MoTe2-based device fabrication and 

measurement 

5.1. Introduction 

In last chapters, we have demonstrated the synthesis and characterization of 

2H and 1T’ MoTe2. In this chapter, we fabricate MoTe2-based devices and measure 

the electrical their properties. 

Figure 5.1 shows a schematic of Cross-sectional views of devices based on 

MoTe2. Au/Ti contacts play the role of the source and drain. Si substrate covered by 

a SiO2 layer is used as the back gate.  Another option of adding gate is using a 

dielectric layer as the top gate.  
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Figure 5.1 The schematic of Cross-sectional views of a device based on MoTe2. 

5.2. Methods 

Photolithography is used to make patterns on the photoresist. Metal contacts 

are deposited by e-beam evaporation, which consist of 2 nm Ti and 38 nm Au. To 

tailor MoTe2 film, we use reactive-ion etching (RIE) and select Ar as the plasma gas.  

Several approaches have been tried to fabricate the device. The main 

procedures are illustrated in Figure 5.2.  
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Figure 5.2 The schematic of three approaches to fabricate MoTe2-based 

device. 

 In the first method Figure 5.2 (a), MoTe2 film is tailored to form a strip by 

photolithography and RIE. Then Au/Ti is deposited to serve as contacts. In the second 

method Figure 5.2 (b), Au/Ti contacts are first deposited onto MoTe2 film by e-beam 

evaporation. Photolithography and RIE are then used to fabricate MoTe2 pattern. In 

the third method, strip-shaped Mo is deposited onto SiO2/Si, followed by tellurizing 

to form MoTe2. Next step is deposition of Au/Ti contacts. 

 All the three methods need two times of photolithography. During the 

photolithography process, it is necessary to use developer such as MS 319 to remove 

photoresist. However, we find that developer may cause damage to the sample. 

Therefore the third method is more likely to keep the sample integrated. What’s more, 



 
62 

62 
 

in step 2 of the second method, when RIE is using to etch MoTe2, it can damage the 

Au/Ti contacts too.   

 After the device is fabricated, we use Raman spectroscopy and AFM to confirm 

the phase and thickness of MoTe2 channel. Then we perform electrical 

characterization of the device at room temperature using a probe station connected 

with voltage source meter. The MoTe2 transistors are characterized by applying a 

drain-source bias 𝑉𝑑𝑠  to the Au/Ti electrodes and back gate voltage  𝑉𝑏𝑔  to doped Si 

substrate.  

5.3. Results 

5.3.1. MoTe2 patterns 

Figure 5.3 shows patterned MoTe2 fabricated by using the first method. These 

squares with side length 100 µm were part of a continued MoTe2 film. Because the 

original MoTe2 film contains both 2H and 1T’ phases,  every square can be 2H or 1T’ 

phase separately, or mixed phase. For example, Figure 5.3 (b) indicates the entire 

square is 2H MoTe2, and Figure 5.3 (c) reveals the entire square is 1T’ MoTe2, which 

are confirmed by Raman spectra.  
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Figure 5.3 Optical images of MoTe2 patterns. (a) A large-scale image contains 

12 squares. (b) The entire square is 2H phase MoTe2. (c) The entire square is 

1T’ phase MoTe2. Both of them are confirmed by Raman spectra (inset). 

Figure 5.4 shows patterned MoTe2 fabricated by using the third method. Mo 

film was firstly patterned into strips, followed by tellurizing to form MoTe2. Figure 

5.4 (b) shows a 1T’ MoTe2 strip. The thickness is ~11 nm confirmed by AFM in 

Figure 5.4 (c). 

 

Figure 5.4 (a) (b) Optical images of MoTe2 patterns. (a) A large-scale image 

contains 24 strips. (b) A 1T’ MoTe2 strip, confirmed by Raman spectra (inset). 

(c) AFM image of MoTe2 strip indicates the thickness is ~11 nm. 
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Theoretically, within the resolution and accuracy of lithography, it is possible 

to fabricate any types of pattern by using the methods mentioned above. These 

patterns are the foundations of electronic devices in large-scale application. 

5.3.2. Electrical properties of MoTe2-based transistor 

We deposit Au/Ti electrodes onto these MoTe2 patterns above, to make 

MoTe2-based transistors. Figure 5.5 shows optical images of MoTe2-based 

transistors. In Figure 5.5 (a), 52 devices can be seen on sight. Figure 5.5 (b) reveals 

that MoTe2 channel has a length of 100 µm and a width of 20 µm. 

 

Figure 5.5 Optical images of MoTe2 transistors. (a) A large-scale image 

contains more than 50 devices. (b) A single MoTe2 transistor. The scale bar of 

both images is 100 µm. 

𝐼𝑑𝑠 − 𝑉𝑑𝑠  curves of 1T’ MoTe2 and 2H MoTe2 devices are measuared and 

demonstrated in Figure 5.6 (a) and (b), respectively. The linear 𝐼𝑑𝑠 − 𝑉𝑑𝑠 

characteristics suggest that Ohm contacts are formed between Au/Ti metal contacts 
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and MoTe2. The slope of Figure 5.6 (a) is 1.043426×10−5/Ω , which means the 

resistance of measured sample is 9.5835×104 Ω. Similarly the slope of Figure 5.6 (b) 

is 3.37047×10−7/Ω, and the resistance of measured sample is 2.9669×106 Ω.  

 

Figure 5.6 Optical images of MoTe2 transistors. (a) A large-scale image 

contains more than 50 devices. (b) A single MoTe2 transistor. The scale bar of 

both images is 100 µm. 

In a regular three-dimensional conductor, the resistance can be written as 

R = ρ
𝐿

𝐴
= ρ

𝐿

𝑊𝑡
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Where ρ is the resistivity, A is the cross-sectional area, L is the length, W is the width 

and t is sheet thickness. Therefore ρ can be calculated by: 

ρ = R ∙
W

𝐿
∙ t 

For 1T’ MoTe2, ρ1𝑇′ = 0.019 Ω ∙ 𝑐𝑚. For 2H MoTe2, ρ2𝐻 = 0.59 Ω ∙ 𝑐𝑚. 1T’ MoTe2 has 

lower resistivity than that of 2H MoTe2.  

 Figure 5.6 (c) and (d) show transfer characteristics curves for 2H MoTe2 

device when 𝑉𝑑𝑠= 5 V. Figure 5.6 (c) is linear scale and Figure 5.6 (d) uses logarithmic 

scale.  The current decreases with increasing voltage, which means that 2H MoTe2 is 

p-type semiconductor. To calculate the carrier mobility, 

𝜇 =
𝑑𝐼𝑑𝑠

𝑑𝑉𝑏𝑔

𝐿

𝑊

1

𝑉𝑑𝑠𝐶𝑔
 

Where 𝐶𝑔 stands the gate capacitance per unit area.  

𝐶𝑔 =
𝜀0𝜀𝑟

𝑑
 

SiO2 serves as the gate in the device, whose thickness 𝑑 = 285 𝑛𝑚, 𝜀𝑟 = 3.9. 

Thus 𝐶𝑔 = 1.2116×10−4𝐹/𝑚2. 

By using the equations above, we can calculate 
𝑑𝐼𝑑𝑠

𝑑𝑉𝑏𝑔
= 6.87×10−8/Ω  from 

Figure 5.6 (d). Hence carrier mobility 𝜇 = 5.7 𝑐𝑚2𝑉−1𝑠−1. 
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5.4. Conclusion 

In this chapter, we have demonstrated the fabrication process of MoTe2 based 

transistor. We also measured the electrical properties of these devices. The results 

reveal that 2H MoTe2 is p-type semiconducting, with carrier mobility of 

5.7 𝑐𝑚2𝑉−1𝑠−1 and resistivity of 0.59 Ω ∙ 𝑐𝑚. 1T’ MoTe2 has lower resistivity than 2H 

MoTe2, which is 0.019 Ω ∙ 𝑐𝑚.  

For bulk 1T’ MoTe2, it has been reported that the resistivity is 0.001 Ω ∙ 𝑐𝑚. 38 

The mobility of exfoliated few-layer 2H MoTe2 is ~27 𝑐𝑚2𝑉−1𝑠−1.35 Therefore our 

results are comparable with them.
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