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ABSTRACT 
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Transition metal dichalcogenides (TMDs) are regarded as promising materials for emerging 

applications, including electronic devices, photonic devices, biosensors, and energy storage, etc. 

Owing to their novel structures and extraordinary properties, they have provided the researchers 

with an excellent platform to explore low-dimensional physics. However, some challenges need 

to be resolved before their practical application. The phases and defects in TMDs can significantly 

affect their properties. Therefore, understanding the phase transition and defects in TMDs would 

be of great importance to advance their further application. This dissertation focuses on the 

identification and characterization of a novel phase transition from two dimensional MoTe2 phase 

to one dimensional Mo6Te6 nanowire phase during the vacuum annealing. Furthermore, the 

thermal stability of MoTe2 is extensively investigated. In particular, the inversion domain 

boundaries formed during the vacuum annealing are identified to be a defective interface in MoTe2. 

The role of Te vacancy to the evolution of inversion domain boundaries is extensively studied. 

Also, a possible strategy to improve its thermal stability is demonstrated.  
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INTRODUCTION 

1.1 Transition Metal Dichalcogenides: An Overview 

Since the discovery of graphene, the research enthusiasm for two-dimensional (2D) materials has 

remarkably increased.1 Among all 2D materials, transition metal dichalcogenides (TMDs) have 

attracted considerable attention due to their unique physical and electrical properties to fulfill the 

demands of future applications, such as biosensors, energy storage, nanoelectronics, etc.2-3 TMDs 

are a large family of layered compounds with a formula of MX2 (M = Mo or W; X= S, Se, or Te) 

and polymorphs, including the semiconducting hexagonal (2H), the metallic octahedral (1T), and 

the semi-metallic distorted octahedral (1T’) phases (Figure 1.1).4 In a monolayer TMD, the M-

atom plane is sandwiched between two X-atom planes. The weak interlayer interactions allow the 

isolation of a monolayer TMD flake from its bulk crystal using the mechanical exfoliation 

method.1 A wealth of compositions and structures of TMDs makes them an excellent platform to 

explore the new science and applications.2-3, 5 Among TMDs, molybdenum ditelluride (2H-MoTe2) 

is a semiconducting compound with an indirect bandgap (1.1 eV), whereas a direct bandgap (1.0 

eV) is present in the monolayer MoTe2. The high carrier mobility and on/off current ratio of 106 

of MoTe2 makes it a promising electronic and photovoltaic candidate.6 However, many issues need 

to be addressed before the practical application, for example, the synthesis of high quality and 

large area flakes, the precise control of flake thickness, the reduction of defects or impurities, the 

search for a low contact resistance material, etc.7 In addition, MoTe2 possesses facile phase 

transition behavior due to the small formation energy difference between Mo and Te. Thus, the 

thermal stability needs to be investigated prior to its practical application.6 
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Figure 1.1. Atomic structures of monolayer transition metal dichalcogenides MX2. M stands for 

(Mo, W) and X stands for (S, Se, Te). (A) 1H phase, (B) 1T phase, (C) 1T’ phase. Adapted with 

permission from ref (4) Copyright (2014) American Association for the Advancement of Science. 

 

A controlled phase transition of TMDs is very critical for the device performances. For 

example, the doping via ion implantation, a traditional method to form a low resistance contact for 

a field-effect transistor, is no longer practical for the atomically thin 2D materials. However, to 

overcome the high Schottky barrier, a new strategy based on phase engineering to form a lateral-

heterojunction in the TMD flake has been extensively explored in the recent years. Figure 1.2 

shows some applications that utilize phase engineering in TMDs. For example, Rajesh Kappera et 

al. demonstrated that a low contact resistance is observed by fabricating a 2H-1T’ lateral 

heterojunction in monolayer MoS2 by using the ion intercalation method.8 Suyeon Cho et al. 

showed that a 2H-MoTe2 to 1T’-MoTe2 can be achieved using a high energy laser treatment.6 Ying 

Wang et al. unveiled the reversible 2H-1T’ phase transition in monolayer MoTe2 using the 

electrical doping method. 9 Feng Zhang et al. demonstrated a vertical MoTe2 resistive memory that 

has high on/off ratio and can realize fast state switching.10  
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Figure 1.2. Phase Transition Methods for TMDs (A) Intercalation induced 2H-1T’ phase transition 

in MoS2. Adapted with permission from ref (8) Copyright (2014) Nature Publishing Group. (B) 

Laser treatment induced 2H-1T’ phase transition in MoTe2. Adapted with permission from ref (6) 

Copyright (2015) American Association for the Advancement of Science. (C) Electrostatic doping 

induced 2H-1T’ phase transition in MoTe2. Adapted with permission from ref (9) Copyright (2017) 

American Chemical Society. (D) Electrical-field induced structural transition in MoxW1-xTe2.  

Adapted with permission from ref (10) Copyright (2017) Nature Publishing Group.  

1.2 Motivation 

An accurate material characterization is of great importance to study the mechanism of phase 

transition and the defects in 2D materials. To date, Transition Electron Microscopy (TEM) has 

been widely used for the study of 2D materials. The ultra-high spatial and energy resolution makes 

TEM an ideal tool to explore the structure and the properties of 2D materials. In addition, it is also 

exciting to investigate the interaction between the high energy beam and 2D materials. The new 

phenomenon observed only in 2D materials will be of great interest to low dimensional physics.4-
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5, 11 Figure 1.3 shows the rapid increase in publications of 2D materials and the TEM related 

studies.12 The structure and composition of 2D have been extensively explored at the atomic scale. 

 

Figure 1.3. The number of publications of 2D materials in recent year. Figure adapted with 

permission from ref (12) Copyright (2017) John Wiley and Sons. 

 

However, the information on structure and composition obtained using the conventional 

TEM is limited. With the development of the TEM instrument, especially the advance in aberration 

correction, and the development of sample holders for in situ TEM using the MEMS-based 

techniques, in situ characterization of 2D materials has been performed in recent years12 (Figure 

1.3). In situ TEM characterization can provide real-time observation showing the interactions 

between materials and the applied external fields or environments. A variety of in situ TEM holders 
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have been developed in order to measure the thermal, electrical, optical, mechanical, liquid/gas 

environmental properties. Therefore, the relationship between the structure and property can be 

extensively explored. For example, the study of phase transitions and defect dynamics induced by 

the electron-matter interaction is a fascinating field with novel and unusual physics. Figure 1.4 

shows some examples of in situ characterization of 2D materials. Jinhua Hong et al. demonstrated 

the electron beam induces Mo diffusion in MoS2.
13 Yung-Chang Lin et al. observed the 2H-1T 

phase transition in monolayer MoS2 annealed 600 C.14 Junhao Lin et al. performed the fabrication 

of MoSe nanowires which are sculpted from a MoSe2 flake using the electron beam.15 Xiahan Sang 

et al. investigated the edge evolution in a monolayer MoSe2 flake under 450 C annealing.16 These 

results indicate that the direct patterning of nanostructures or even the manipulation of a single 

atom using the electron beam is possible.  
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Figure 1.4. In Situ TEM characterization of 2D materials (A) Mo atom diffusion under the electron 

beam irradiation. Adapted with permission from ref (13) Copyright (2017) American Chemical 

Society. (B) 2H-1T phase transition of MoS2 at 600 C. Adapted with permission from ref (14) 

Copyright (2014) Nature Publishing Group. (C) Fabrication of MoSe nanowire from MoSe2 using 

the electron beam. Adapted with permission from ref (15) Copyright (2014) Nature Publishing 

Group. (D) Edge evolution of MoSe2 under 600 C annealing. Adapted with permission from ref 

(16) Copyright (2018) Nature Publishing Group. 
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This dissertation mainly focuses on three types of in situ characterization: (1) the phase 

transition or defects induced by the vacuum annealing (2) the controllable phase transition under 

electrical biasing; (3) the phase transition or defects due to the electron-mater interaction. Its 

defects and thermal stability have been extensively investigated. 

1.3 Dissertation Outline 

In this dissertation, a new 1D nanowire phase is found during a vacuum annealing of MoTe2. In 

situ characterization was carried out using STM and TEM techniques to understand the phase 

transition. In addition, the thermal stability of MoTe2 was extensively evaluated. Moreover, the 

evolution of defects and a special domain boundary in MoTe2 are identified and studied.  

Chapter 1 gives a brief introduction of current status of 2D materials research. In addition, 

the study of phase transition in 2D materials is highlighted. Finally, the need and benefit of in situ 

characterization is briefly discussed.    

In Chapter 2, a detailed description of the experimental techniques employed in the 

research is reported, including the equipment set-up and the specimen preparation techniques used, 

respectively. 

In Chapter 3, the 2H-MoTe2 to Mo6Te6 nanowire phase transition is extensively 

investigated. Firstly, a plan view observation of the phase transition for a few layers MoTe2 is 

presented, followed by the cross-sectional characterization. Then, the structure and the electronic 

properties of the NW phase is evaluated using DFT calculations. After that, an in situ 

characterization of the phase transition in monolayer and bilayer MoTe2 is performed. Finally, the 

influence of carbon residue and electron beam irradiation is investigated. 
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In Chapter 4, the thermal stability of MoTe2 is comprehensively explored. First, the surface 

defects at room temperature are characterized by STM and XPS. Then, the surface morphology is 

monitored up to 400 C by in situ STM. Wagon wheel pattern, a novel morphology, is observed 

using STM. After that, the structure of the Wagon wheel pattern is characterized by in situ TEM 

and the inversion domains are extensively studied by sequential STEM imaging. Lastly, the role 

of Te vacancy to the evolution of domain boundaries is determined. 

Finally, in Chapter 5, the conclusion remarks and future work related to in situ electrical 

characterization are discussed. 
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EXPERIMENTAL METHODS  

The purpose of this thesis is to investigate the phase transition and defect dynamics of 2D materials 

(MoTe2, WTe2, etc.). This chapter introduces the experimental methods used in the research. 

Toward that, it is divided into three sections. The first section focuses on the priority 

characterization technique used in this research: transmission electron microscopy (TEM). Among 

all TEM techniques, scanning transmission electron microscopy (STEM) is the most frequently 

used characterization technique for the in situ study. Therefore, the STEM-related techniques, such 

as the aberration-corrected STEM, high angle annular dark-field (HAADF) imaging, electron 

energy loss spectroscopy (EELS), will be described in details. The second section explores the in-

situ TEM characterization of 2D materials, including in situ heating and in situ electrical biasing, 

respectively. The third section introduces the specimen preparation related techniques: focused ion 

beam (FIB) and 2D flake transfer. The flakes transfer to the grid for in situ TEM experiments is 

so critical to the in situ experiment that the experimental procedures are described in detail.  

2.1 Transmission Electron Microscopy 

TEM is a versatile characterization technique featuring both high spatial and high energy 

resolution. In brief, TEM imaging can be distinguished in two categories: coherent imaging and 

incoherent imaging. Among all the coherent imaging techniques, the phase-contrast imaging, i.e., 

the high-resolution imaging (HR-TEM), which can visualize the lattice at the atomic scale, is the 

most used imaging technique. The selective area diffraction (SAD) and convergent beam electron 

diffraction (CBED), which can provide the crystallographic information of a sample in the 
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reciprocal space, are also used for specific applications. These three operation modes are the 

traditional techniques for the conventional TEM.1 In brief, the specimen is treated as a phase-

object and illuminated with a plane electron wave. The image is formed by the objective lens and 

recorded in the image plane using a charge-coupled device (CCD) camera (Figure 2.1a). The 

contrast in an HR-TEM image is caused by the phase differences of the electron wave, which is 

attributed to the potential in the specimen. HR-TEM imaging can achieve atomic resolution, 

making it very useful in the characterization of a crystal structure. However, due to the interference 

nature of TEM mode, the contrast of the lattice image may reverse with the change of focus. The 

image interpretation is always the major issue for HR-TEM, especially for a complex structure, 

therefore image simulation is always required. 2 

With the development of electron microscopes, especially with the introduction of the 

aberration correctors to overcome the lens imperfections, the incoherent imaging technique, 

specifically, scanning transmission electron microscopy (STEM), became very popular.1 It can 

combine imaging and spectroscopy simultaneously, facilitating the so-called site-specific analysis. 

Therefore, the relationship between the structure of a material and its chemical properties can be 

identified at the atomic scale. As shown in Figure 2.1b, in STEM mode, the convergent electron 

beam is the demagnified image of the electron source by using a series of  condenser lenses and 

the convergence semi-angle of the electron beam is controlled by the condenser aperture.3 The 

convergent beam is brought to focus on the sample and scanned over the sample in the raster 

manner with the help of the scanning coils. Simultaneously, the scattered electrons are collected 

in a serial acquisition mode by a variety of detectors below the sample. Thus, information about 

the sample is obtained by analyzing the signal of the detectors. 
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Figure 2.1. (a) Schematic diagram of TEM mode. The sample is illuminated by a parallel electron 

beam, and the diffraction pattern is formed at the back focal plane (BFP) of the objective lens. The 

image formed at the image plane is zoomed in and collected by a CCD camera. (b) Ray diagram 

of STEM mode. A convergent electron beam is formed with the help of the condenser lens and the 

objective lens pre-field and focused on the sample. The electron beam is scanned in a raster manner 

over the sample, and an annular dark-field detector or bright field detector, mounted below the 

sample, is used to collect the scattered electrons and form the image. 

2.1.1 Aberration Corrected Scanning Transmission Electron Microscopy  

In STEM mode, the resolution is determined by the size of the electron beam. There are many 

factors that can affect the resolution in the STEM mode. Firstly, similar to TEM mode, the 

resolution is influenced by the diffraction limit, i.e., the radius 𝛿𝐷  of the electron beam. The 

diffraction limit is defined using the Rayleigh criterion3 

𝛿𝐷 = 0.61
𝜆

𝛼
, 

where λ is the electron wavelength, and α is the convergence semi-angle. It is clear that a large 

convergence angle is needed in order to improve the STEM resolution. Secondly, the size of the 

electron beam can be significantly affected by the spherical aberration of the lens. Figure 2.2 shows 
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the influence of the spherical aberration to the focusing of a converged electron beam. The 

electrons with a large incident angle are deflected more by the imperfect lens and focused in front 

of the back focal plane of the lens. Therefore, a broad disk instead of a point-like spot is formed in 

front of the back focal plane of the lens. The radius of the smallest disk can be expressed as3  

𝛿𝑆 = 0.25𝐶𝑠𝛼3, 

where 𝐶𝑠 is the constant of spherical aberration of the lens. This disk is called the disk of least 

confusion. It means that the size of the disk will increase if an electron beam with a larger 

convergence semi-angle is used. Thirdly, the energy spread of the electron beam can also influence 

the focusing of the electron probe. When an electron beam with the energy of 𝐸0 passes through a 

lens, the electrons with slightly different energy will be focused differently. Similar with the effect 

of spherical aberration, the radius of the disk of least diffusion can be expressed as3 

𝛿𝑐 =  𝐶𝑐𝛼
Δ𝐸

𝐸0
, 

where 𝐶𝑐 is the constant of chromatic aberration of the lens and Δ𝐸 is the energy spread of the 

electron beam. This indicates that the size of an electron beam will increase linearly with the 

convergence semi-angle for a given energy spread. Finally, it is evident that there are conflicts 

between the three factors mentioned above. For example, a large convergence angle is always 

preferred to achieve a great STEM resolution according to the effect of diffraction. However, a 

large convergence semi-angle will increase the contribution of the spherical aberration 

exponentially. Practically, an optimum convergence semi-angle can be calculated by combining 

the first two factors and expressed as3 

𝛼𝑜𝑝𝑡 = (
4𝜆

𝐶𝑠
)

1/4

, 
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with a resolution ρ of 

𝜌 = 0.43√𝐶𝑠𝜆34
. 

It is evident that the spherical aberration can greatly affect the resolution of STEM imaging and 

the selection of the optimum convergence semi-angle of the electron beam. In reality, such 

theoretical resolution cannot be achieved because of the chromatic aberration and the higher-order 

aberrations, such as the fifth-order aberration. 

 

Figure 2.2. Schematic diagram showing the effect of the spherical aberration. A convergent 

electron beam is formed with the help of the lens, and its convergence semi-angle is controlled by 

using an aperture. The electron beam is then brought to a focus at the plane of a sample. Due to 

the spherical aberration of the lens, a small disk, rather than an infinitely small point, is formed 

near the back focal plane of the lens. The electron beam with the smallest diameter is called the 

disk of least confusion. 

 

In this thesis, the in situ TEM characterization of 2D materials is performed using an 

aberration-corrected electron microscope JEOL JEM-ARM200F (Figure 2.3a). The microscope is 

equipped with a CEOS GmbH double-hexapole spherical-aberration corrector (CECOR). The 

lenses used in TEM are round lenses with positive spherical aberrations. In order to counterbalance 

this impact, a multi-pole lens, the so-called non-round lens, must be employed in the microscope.4 
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The first workable spherical aberration corrector with a series of quadrupole and hexapole was 

successfully built by Haider in 1998.4 Figure 2.3b shows the image of a hexapole lens used in this 

aberration-corrected microscope.5 The Zemlin-tableau method is employed to measure the 

aberrations of the lens with the tilted illumination to tune the corrector. Firstly, a series of 

micrographs with the tilted illumination in underfocus and overfocus conditions are recorded, 

respectively. Next, the size and shape of the electron probe at each focusing and tilting condition 

can be extracted using the deconvolution method. Each micrograph in the tilting series is compared 

with a reference micrograph acquired at the Gaussian focus under untilted illumination. Then, a 

list of the defocus and twofold astigmatism of each illumination condition can be obtained as a 

function of beam tilt. After that, the CEOS software will calculate a set of aberration coefficients 

that is in agreement with the tableau result. Lastly, the aberration coefficient that affects the 

resolution most can be identified and corrected automatically or manually. By repeating this 

procedure, an optimum electron probe with sub-Å resolution can be achieved once all the 

aberration coefficients are controlled within a certain range. 

 



 

16 

 

Figure 2.3. (a) Image of an aberration-corrected electron microscope JEOL JEM-ARM200F in 

UTD (b) Image of a hexapole lens in a spherical aberration corrector. Adapted with permission 

from ref (5) Copyright (1998) Elsevier B.V. 

2.1.2 High-Angle Annular Dark-Field Imaging (HAADF) 

Figure 2.4a shows the schematic diagram of a STEM imaging system with an ADF detector and a 

BF detector. To acquire an HAADF image, an annular dark-field (ADF) detector is used to collect 

the electrons scattered to a relatively high angle (~50-250 mrad). When the electron beam is 

scanned across the sample, a serial acquisition mode is applied to collect the signals collected by 

the ADF detector.  

To understand the origins of contrast in HAADF imaging, one can start with the formation 

of a lattice image in TEM mode. In the conventional HR-TEM imaging, a sufficiently thin TEM 

specimen can be assumed as a phase object which can introduce a phase shift to a plane wave with 

a unity amplitude1  

𝜑(𝑹) =  𝑒𝑖𝜎𝑉(𝑹), 
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where 𝜎 = 𝜋/𝜆𝐸 is the interaction constant, λ is the wavelength, E is the accelerating voltage, V 

is the projected potential, and 𝑹 is the position vector in the specimen. The additional phase shift 

from the lens aberrations can be expressed as 𝜒 as1 

𝜒(𝑲) = 𝜋(𝛥𝑓𝜆𝑲2 +
1

2
𝐶𝑠𝜆3𝑲4), 

where Δ𝑓  is the defocus, 𝐶𝑠  is the spherical aberration of the lens, and 𝑲  is the transverse 

component of wavevector. 𝜒(𝑲)  is called the contrast transfer function (CTF) in HR-TEM 

imaging. Thus the image intensity is the square of the convolution1 

𝐼(𝑹) = |𝜑(𝑹)⨂𝐹𝑇[𝑒−𝑖𝜒(𝑲)]|
2
, 

where ⨂ denotes the convolution. This explains the origin of reverse contrast in TEM mode with 

the change of defocus. However, in HAADF-STEM imaging, one assumes that the specimen is 

illuminated by a coherently convergent electron beam. The wave function emerging from the phase 

object is 1 

𝜓(𝑹, 𝑹𝟎) = 𝜑(𝑹)𝑃(𝑹 − 𝑹𝟎), 

where 𝑹𝟎 is the scan coordinate, and 𝑃(𝑹) is the probe amplitude distribution function, i.e., the 

Fourier transform of the phase changes due to the lens aberrations1 

𝑃(𝑹) = ∫ 𝑒2𝜋𝑖𝑲∙𝑹𝑒−𝑖𝜒(𝑲)𝑑𝑲 = 𝐹𝑇[𝑒−𝑖𝜒(𝑲)]. 

Thus the intensity of HAADF image at the scan position 𝑹𝟎 is 1 

𝐼(𝑹𝟎) = |𝜑(𝑹𝟎)|2 ⊗ |𝑃(𝑹𝟎)|2. 

The equation indicates that the HAADF image is the convolution between the square of the object 

function and the square of probe amplitude function. It is easy to find out that there is no reverse 

contrast with the change of focus for a HAADF image. This is different from the HR-TEM image. 
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In addition, HAADF image intensity is monotonically dependent on the sample thickness. The 

HAADF image is also called “Z-contrast” image, indicating that the image intensity is proportional 

to the nth power of the atomic number Z. The origin of Z-related intensity is caused by the different 

scattering ability of an electron been scattered by a light element or heavy element. For example, 

the heavy element (Au, Pt, Cu, etc.) has a larger differential cross-section than the light element 

(C, N, O, etc.), so that the probability of an electron been scattered to a high angle by a heavy atom 

is much higher than that by a light element. As a result, the ADF detector can collect more scattered 

electrons when the electron beam is scanned at the position with more heavy elements. Thus, for 

a given specimen thickness, the region with heavy element shows a bright contrast while the region 

with light element shows a bright contrast. Therefore, this technique is exceptionally useful for the 

characterization of the element distribution in the specimen. In addition, the electrons scattered to 

high angles are mainly thermal diffuse scattering (TDS) electrons. Therefore, HAADF imaging is 

an incoherent imaging technique with a minimum diffraction effect. 
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Figure 2.4. (a) Schematic diagram showing a STEM configuration with an annular dark-field 

detector and annular bright-field detector. The convergent semi-angle of the electron probe and 

the collection semi-angle of the ADF detector are α and θ, respectively. (b) Atomic resolution 

HAADF image of a GaN thin film grown by the MBE method. (c) Atomic resolution ABF image 

in the same region. Ga atoms can be seen clearly in the HAADF image. As a comparison, both Ga 

and N atoms can be identified in the ABF image. 

2.1.3 Annular Bright-Field Imaging (ABF) 

Apart from the HAADF image, a BF image can also be acquired simultaneously by collecting the 

electrons in the forward scattered beam with a circular bright-field (BF) detector. The BF image 

intensity is similar to the phase contrast image in TEM mode. Recently, a new annular bright-field 

(ABF) STEM imaging technique is developed to identify the presence of light elements in the 

specimen. Similar to the BF-STEM imaging, it also collects the forward scattered electrons using 

the BF detector, except the central part of the direct beam. In JEM-ARM200F, ABF-STEM 

imaging is carried out in two steps. Firstly, a beam stopper is used to block the central part of the 

BF detector, so that the transmitted electrons which do not suffer any scattering or undergo a very 
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small scattering cannot be collected by the BF detector. Secondly, a 3 mm STEM BF aperture is 

inserted to block the electrons scattered at larger angles. Finally, the collection semi-angle of the 

electron probe is limited to a specific range (12 to 24 mrad). When the electron beam is positioned 

at the atomic columns of a light element, the electrons in the incident beam tend to propagate along 

the atomic column due to the channeling effect.2 However, these electrons are blocked by the beam 

stopper, resulting in a smaller quantity of electrons that can be collected by the BF detector. 

Therefore, the light-element atomic columns are imaged as dark spots in ABF mode. On the 

contrary, when the electron beam is positioned on a heavy atomic column, there are more electrons 

scattered at high angles outside of the BF detector than the electrons that can be collected by the 

BF detector. As a result, the heavy-element atomic columns are also imaged as dark spots. Thus, 

both the light element and the heavy element in the specimen can be observed by ABF-STEM 

imaging. Moreover, ABF and HAADF imaging can be performed simultaneously, so information 

on heavy elements and light elements can be obtained using the HAADF and ABF images, 

respectively. Figure 2.4b shows an atomic resolution HAADF image of a GaN specimen in which 

only Ga atomic columns are displayed as bright spots. However, in Figure 2.4c, both Ga atomic 

columns and N atomic columns are shown as dark spots in the ABF image. Thus, the polarity of 

GaN can be easily identified as N-terminated. 

2.1.4 Electron Energy Loss Spectroscopy (EELS) 

The EELS technique allows us to analyze the energy distribution of the transmitted electrons 

passing through a TEM specimen. Figure 2.5 is the schematic of an incident electron beam 

scattered by a thin specimen. As the electrons pass through the specimen, a wide range of signals 

are generated due to the electron-matter interactions, including the transmitted electrons that leave 
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the sample without scattering and can be collected by a BF detector, the elastically scattered 

electrons that leave the sample at high angles and can be collected by an ADF detector, the 

inelastically scattered electrons that loss some amount of energy, and the characteristic X-rays 

induced by the electron excitations in the sample. A fraction of the incident electrons may undergo 

inelastic scattering and lose some energy as they interact with the specimen. Simultaneously, the 

energy transferred to the specimen may provoke the electronic excitations in the specimen. 

Therefore, the characteristic X-rays can be generated when the excited atoms in the specimen fall 

back to the ground states.  By analyzing the inelastic electrons and the characteristic X-rays, the 

chemical and compositional information of the specimen can thus be identified and quantified.1-2 

 

Figure 2.5. Schematic of the incident electron beam passing through an electron transparent 

specimen. A variety of signals are generated when the electrons pass through the specimen, 

including the backscattered and forward scattered electrons. For a thin TEM specimen, the 

majority of electrons will pass through the specimen without any interaction, to form the 

transmitted beam. The forward scattered electrons can be used for imaging and spectrum analysis. 

The characteristics X-rays and the inelastically scattered electrons can be used for the chemical 

information analysis. 
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An EELS spectrometer is an instrument designed to detect and analyze the inelastic 

electrons passing through the sample, including the plasmon excitations (5-30 eV) and the core-

loss excitations (a hundred to a few thousand eV).6 With the advance of the EELS instrument, 

especially the improvement of the chromatic aberration correction and the development of the fast 

cameras, the sub-eV energy resolution and high collection efficiency make EELS an ideal 

technique for the material characterization. In this research, EELS analysis is performed using a 

Gatan Enfina spectrometer mounted below the electron microscope. 

Figure 2.6a shows a schematic of an EELS spectrometer attached to a STEM system. 

During the HAADF image acquisition, the scattered electrons passing through the ADF detector 

are collected simultaneously by the EELS spectrometer. These inelastically scattered electrons are 

emitted from the small volume in the specimen with the electron beam illumination. Thus, the 

chemical information extracted from EELS indicates the localized information in the specimen. 

Due to the serial acquisition mode of STEM imaging, each EEL spectra can be directly linked to 

the position of the electron beam on the specimen, enabling the spatially resolved distribution of 

EELS analysis. This site-specific analysis method is called spectrum imaging (SI).6 A data cube is 

used to store the three-dimensional data that contains the spatial and spectral information in 

DigitalMicrograph® software (Gatan, Inc.). Figure 2.6b shows the schematic of how to perform 

the SI analysis using EELS. The element distribution in the specimen can be highlighted by 

selecting a specific range of energy in the spectrum. With the development of the aberration-

corrected electron microscope, and the fast EELS/EDS spectrometer, the site-specific spectrum 

analysis is of great advantage over the other TEM techniques, enabling the analysis of the structure 
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and composition of material at the atomic scale. For example, single atom identification can be 

achieved by the quantitative analysis of HAADF imaging and EELS.7 

 

Figure 2.6. (a) Schematic of STEM spectrum imaging using EELS and EDS. During the HAADF 

image acquisition, the inelastically scattered electrons and the characteristic X-rays can be 

collected by an EELS spectrometer and an EDS detector, respectively. (b) Schematic of how to 

perform a spectrum imaging. In a data cube, two of the cube axes correspond to spatial information 

(X, Y), while the third dimension is for the EELS or EDS spectrum.  

 

2.2 In Situ TEM Characterization 

In situ TEM characterization is a type of experiment used to investigate a phenomenon without 

altering the original condition in an electron microscope. Real-time observations can be performed 

simultaneously under external stimuli, such as an electrical biasing, an applied force, or the change 

of temperature.8 The chemical reaction details, which are difficult to be detected in conventional 
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TEM, can be easily observed without changing the reaction parameter. Therefore, the mechanism 

or key factor can be comprehensively explored and identified. In brief, in situ TEM 

characterization can be categorized into two types, either using a modified electron microscope 

that can engage gases to the specimen, or using a customized specimen holder to apply the external 

stimuli to the specimen.8 In this research, all the in situ TEM characterization is carried out using 

the second route. 

To study the defect dynamic and phase transition in 2D materials, three kinds of in situ 

TEM characterizations are performed: (1) in situ observation of the phase transition in MoTe2 and 

other TMDs under the vacuum annealing; (2) in situ observation of phase transition in MoTe2 

under the electrical biasing; (3) in situ observation of defect dynamics in 2D materials under the 

electron beam illumination. The first and second observations are performed using a customized 

TEM holder, and the technical details are described in section 2.2.1. The third observation can be 

performed using a traditional TEM holder so that the experiment details will be discussed in the 

study of 2D materials. 

2.2.1 In Situ Heating and Electrical Biasing 

In situ heating and electrical biasing experiments are all performed with a Protochips AduroTM
 350 

system.9 It includes a customized double tilt TEM holder, an external power supply, a controller 

with software and cables, and the MEMS-based E-Chips. As shown in Figure 2.7a-b, the current 

or voltage from the controller can be applied to the E-Chips via four electrodes on the holder. 

Protochips holder is a multifunction platform that uses the flexibility of MEMS-based E-chips. 

Figure 2.7c-e show three types of E-Chips to perform the heating, electrical biasing, and electrical-

and-heating experiment, respectively. For the heating E-Chip (Figure 2.7c), a current is applied 
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between electrodes 1 and 4, so that localized heating of the ceramic SiC film is carried out using 

the joule-heating. In the window region, SiC film is etched to form nine holes (3x3 array). A 20 

nm SiN film positioned below the SiC film is used to support the TEM specimen. There are two 

advantages of the MEMS-based heating holder over the traditional heating holder: the fast 

temperature ramp rate (1000 C/ms) and the small thermal drift (0.5 nm/minute). Due to the small 

heating region, the thermal drift can be controlled pretty well, so that atomic resolution STEM 

imaging can be performed at a high temperature. Figure 2.7d shows the image of FIB optimized 

E-Chip for the electrical biasing experiment. The specimen is mounted between electrodes 1 and 

4 so that the current or voltage through the specimen can be applied or measured using the two-

wire mode. If needed, electrodes 2 and 3 can also be connected to the specimen, facilitating the 

four-wire measuring mode. The specimen preparation for the electrical biasing is discussed in 

section 2.3.4 in detail. Figure 2.7e shows the schematic of E-Chips, which can perform heating 

and electrical biasing simultaneously. The specimen heating is achieved using joule-heating vis 

electrodes 1 and 4, while the current or voltage is applied or measured via electrodes 2 and 3.   
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Figure 2.7. (a) Protochips in situ holder (b) Zoom-in of the holder head (c-e) Schematic of thermal 

E-Chip, FIB optimized electrical biasing E-Chip, and electro-heating E-Chip, respectively. Figures 

adapted from ref (9). 

 

2.3 Specimen Preparation 

This section describes the specimen preparation for the 2D materials research. Toward that end, it 

is divided into three sub-sections. Section 2.3.1 describes the materials used in the research. 

Section 2.3.2 introduces the focused ion beam. Section 2.3.3 and 2.3.4 describe the flake 

exfoliation and transfer for in situ heating experiments, and in situ electrical biasing experiments, 

respectively.  
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2.3.1 Materials 

The MoTe2 crystals used in this work are chemical vapor synthesized (HQ Graphene) using high 

purity molybdenum (99.9975%, Alfa Aesar) and tellurium (99.999%, Alfa Aesar) powders with 

Te vapor as a transport agent. 10 at. % more Te above the initial Te: Mo = 2:1 were added in the 

crystal growth process to avoid a Te deficiency and thus a more reactive surface to air exposure. 

Fresh sample surfaces are simply cleaved in air with Scotch® tape and then immediately loaded 

into an ultrahigh vacuum (UHV) system (base pressure ~10-10 mbar) for the subsequent surface 

characterization and heating studies.  

2.3.2 Focused Ion Beam 

Focused ion beam (FIB) is a technique used particularly in the semiconductor industry and 

materials science, owing to its enormous advantage for the site-specific analysis, imaging, milling, 

deposition, and manipulation. A FEI Dual Beam Nova 200 focused ion beam system is used for 

the specimen preparation in this research, as shown in Figure 2.8. It consists of an ultra-high-

resolution field emission scanning electron microscope (SEM), a focused ion beam using Ga+ ions, 

and a gas injection system for the deposition of platinum (Pt), carbon, and silicon oxide. 

Additionally, it is also equipped with a high precision nanoscale manipulator, the OmniProbe 400 

(Oxford Instruments), which can be used for the specimen transfer and manipulation during the in 

situ lift-out procedure. In this thesis, the FIB technique has been used during the characterization 

of 2D materials, such as the morphology inspection, TEM specimen fabrication, and the 

manipulation and transfer of 2D flakes to the in situ TEM grid for in situ TEM characterization. 
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Figure 2.8. (a) FEI Dual Beam Nova 200 (b) Schematic of a FIB system, including an electron 

beam for imaging, an ion beam for milling, a gas injection system for deposition, and a manipulator 

for sample lift-out. 

2.3.3 Flake Transfer for In Situ Heating Characterization 

Originated from the graphene study, the mechanical exfoliation method, which is also called 

“Scotch Tape Method,” is widely used in 2D materials research. In a layered material, the weak 

van der Waals interactions between the neighboring layers make it possible to exfoliate the 

atomically thin flake from the bulk crystal.10 There are some undesired issues of this method, such 

as the small size of the flake, low yield, poor thickness control, and the removal of polymer residue. 

However, the discernible advantages of this method, such as easy operation, low cost, high quality 

of 2D flake, easy fabrication of the heterojunctions, make it an important and extensively used 

method during 2D materials research.  

To perform in situ TEM characterization, the atomically thin 2D flakes need to be 

transferred to the in situ TEM grid, i.e., the Protochips heating or electrical biasing E-Chips. In 
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this research, the specimen preparation is slightly different between in situ heating experiment and 

in situ electrical biasing experiment. For in situ heating experiments, the atomically thin flake is 

prepared using the mechanical exfoliation method, followed by the flake transfer to a heating grid 

using the polymer-assisted wet transfer method.11 On the other side, the specimen preparation for 

in situ electrical biasing experiments is carried using a modified Au-assisted mechanical 

exfoliation method, followed by the flake transfer and TEM lamella fabrication using FIB (see 

section 2.3.4). 

The flake transfer for in situ heating experiments is carried out using a customized flake 

transfer system, including an optical microscope with a long working distance objective lens, an 

XYR stage to support E-Chip, an XYZ stage with a glass slide to manipulate the position of flake, 

and a heating plate mounted on the XYR stage and controlled using a PID controller. Figure 2.9 

shows the customized flake transfer system and its corresponding schematic, respectively. 

 

Figure 2.9. (a) The customized flake transfer system. (b) Schematic diagram of the flake transfer 

system.  
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Figure 2.10 shows the transfer of a bilayer MoTe2 flake to a Protochips thermal E-Chip. 

Prior to the flake transfer, FIB is used to fabricate some holes about 800nm in diameter on the SiN 

film of the E-Chip. As illustrated in Figure 2.10a, the transfer of the MoTe2 flake can be carried 

out in the following steps. Firstly, a MoTe2 is exfoliated onto a 300 nm SiO2/Si substrate using the 

scotch tape method and inspected with an optical microscope. Secondly, after the spin coating of 

a poly-bisphenol A carbonate (PC) film on the Si substrate, a PDMS stamp is used to cover the Si 

substrate and pick up the MoTe2 flake in water. Thirdly, the PDMS stamp is attached to a glass 

slide with the MoTe2 flake facing down and manipulated with the help of an XYZ stage. By 

manipulating the position of E-Chip using an XYR stage, the MoTe2 flake can be attached to the 

window of E-Chip. Once done, E-Chip is heated to 110 C to increase the adhesion between the 

flake and the E-Chip by reducing the number of air bubbles under the flake. More importantly, the 

adhesion between the PC film and PDMS stamp can be reduced to such an extent that they can be 

separated by lifting the glass slide using the stage. Lastly, a MoTe2 flake is successfully transferred 

to the E-Chip after PC dissolving in the chloroform. The thermal E-Chips with the bilayer MoTe2 

flake can then be mounted on the Protochips holder for in situ heating study. 
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Figure 2.10. MoTe2 flake transfer for in situ heating experiment. (a) Schematic illustration of a 

MoTe2 flake transfer to a MEMS-based thermal E-Chip. (b-c) Optical image of a bilayer MoTe2 

flake on a silicon substrate and after PC spin coating, respectively. (d) MoTe2 flake partially 

attached to E-Chip. The colorful contrast from the separated region indicates the gap between 

PDMS stamp and SiN film, while the clear contrast from the In Contact region suggests that the 

MoTe2 flake is fully contacted with SiN film. (e) MoTe2 flake successfully transferred onto the in 

situ TEM grid. 

 

2.3.4 Flake Transfer for In Situ Electrical Characterization 

In order to perform the in situ electrical biasing characterizations of MoTe2, an Au/MoTe2/Au 

sandwich structure needs to be fabricated prior to the flake transfer to electrical E-Chip. Figure 

2.11a shows the schematic of the fabrication procedure. First of all, 50 nm Au is sputtered on a 

bulk MoTe2 with a fresh surface. Next, a thermal release tape (TRT) is applied to the bulk crystal. 



 

32 

Due to the strong adhesion between Au and MoTe2, a MoTe2/Au/TRT structure is achieved when 

TRT is peeled off. Then another 50-100 nm Au is sputtered onto the fresh surface of MoTe2 flake 

to form an Au/MoTe2/Au sandwich structure. After that, the TRT is stamped to a heavily doped 

Si substrate with Au and Cr coating. Finally, by putting the Si substrate with TRT on a hot plate 

(~120 C) for a few seconds, TRT and Au will be separated due to the reduced adhesion. Figure 

2.11b-c shows the optical image of MoTe2 before and after the 2nd Au coating, respectively.  

The transfer of the as-prepared Au/MoTe2/Au structure is performed using a FIB. Firstly, the target 

MoTe2 flake with a suitable thickness is identified with the help of the optical image. Next, a TEM 

lamella is prepared and transferred to a FIB optimized Protochips electrical E-Chip (Figure 2.11d). 

After that, a 100 nm thick lamella with a width of 3 um is fabricated with the 30 kV Ga+ ion beam. 

Finally, the lamella is carefully milled using the ion beam so that a Pt/Au/MoTe2/Au/Cr/Si 

structure is isolated (Figure 2.11e-f). When a current is applied to the electrodes 1 and 2 of the E-

Chip, it can only flow through the Au/MoTe2/Au sandwich structure. Figure 2.11g shows one 

advantage of this transfer method. If the electrical measurement at the first position is completed, 

a second or even a third position can be used for the electrical biasing testing.  
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Figure 2.11. MoTe2 flake transfer and TEM lamella fabrication for in situ electrical biasing 

experiments. (a) Schematic of the fabrication of Au/MoTe2/Au sandwich structure. (b-c) Optical 

image of MoTe2/Au/TRT and Au/MoTe2/Au structure, respectively. (d) SEM image of the MoTe2 

flake transferred on Protochips electrical biasing E-Chip. Current or Voltage can be applied or 

measured through electrodes 1 and 4. (e-f) TEM lamella for the electrical biasing experiment. 

Isolation is performed using FIB in order that the current can flow across the Au/MoTe2/Au 

structure. (g) Top view of the TEM lamella. Once the electrical measurement is completed at the 

1st position, the flake can be thinned and isolated at the nearby region, so that a 2nd or 3rd position 

can be used for more electrical measurements.   

2.4 In Situ Scanning Tunneling Microscopy (STM) 

STM is an analytical technique that probes the geometric and electronic properties of sample 

surface at the atomic level. Figure 2.12 shows a schematic of STM system.12-13 The components 

of a STM include a scanning tip, a piezoelectric controlled scanner, the control electronics (scan 
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generator, current amplifier, high-voltage amplifier, feedback), and the vibration isolation system. 

The tip is mounted on a piezo-scanner and can scan over the sample surface in the x-y plane, and 

z-direction, independently. The principle of STM is based on the quantum mechanical tunneling 

effect.14 When an atomically sharp and conductive tip approaches a conducting or semiconducting 

surface at a distance of approximately several angstroms, the wave functions of the tip may overlap 

with those of the sample. After applying a bias voltage between the tip and sample, electrons begin 

to "tunnel" through the vacuum between them, despite the fact that they are not in contact. The 

tunneling current is an exponential function of the tip-sample distance. Therefore, the remarkable 

sensitivity of the tunneling current with respect to the tip-sample distance can be measured and 

used to characterize the sample surface with sub-angstrom precision vertically.  

There are two operation modes of STM, i.e., constant current mode and constant height 

mode, respectively. In constant current mode, the tunneling current, and hence the tip-sample 

distance, is held constant when the tip moves across the sample surface. Thus, the variation of 

sample surface is directly related to the changes of tip height. Therefore, the changes of tip height 

are recorded and mapped as a false-color image to represent the surface topography. In constant 

height mode, the bias voltage and tip height are both held constant while the tunneling current is 

measured when the tip is scanned over the sample surface. The spectroscopic measurements of the 

differential conductance dI/dV for a fixed bias voltage are measured and false-color plotted in a 

two-dimensional image to represent the changes of local density of electronic states (LDOS) of 

the sample surface. However, the as acquired data contain dI/dV information only for a specific 

bias voltage. A special STM technique, the so-called scanning tunneling spectroscopy (STS), can 

be used to obtain comprehensive spectroscopic information of a specific location. In brief, the tip 
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is placed above a particular place on the sample, with the tip height fixed. The tunneling current is 

measured by sweeping the bias voltage. Thus, the spectroscopic information, i.e., the LDOS of the 

sample can be displayed using the dI/dV curve. 

 

Figure 2.12. (a) Schematic of a STM system. Adapted from ref (12). (b) STM tip operating in the 

constant current mode and constant height mode, respectively. Adapted from ref (13). 
 

In this research, in situ STM characterization of MoTe2 is carried using the Omicron 

variable temperature STM, which is integrated in an in situ UHV system. Firstly, a bulk MoTe2 

crystal with a fresh surface is loaded into the analysis chamber in the UHV system for STM 

characterization. Then the sample is in situ transferred to a prep chamber for heating treatment. 

After that, the sample is transferred back to the analysis chamber for another STM characterization. 

By repeating this procedure, the surface morphologies of MoTe2 from RT to 450 are systematically 

studied by STM analysis. 
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IN SITU HEATING STUDY OF 2H-MOTE2 TO MO6TE6 NANOWIRE 

PHASE TRANSITION 

3.1 Preface 

This chapter is adapted with permission from a publication “New Mo6Te6 Sub-Nanometer-

Diameter Phase from 2H-MoTe2” [Advanced Materials, 2017, 29, pp 1606264]. Copyright 2017, 

WILEY-VCH Verlag GmhH & Co. KGaA, Weinheim. The authors are Hui Zhu, Qingxiao Wang, 

Chenxi Zhang, Rafik Addou, Kyeongjae Cho, Robert M. Wallace*, and Moon J. Kim*. In this 

work, my contribution was in planning and performing the in situ TEM characterization, analyzing 

the corresponding data, and writing the manuscript. Hui Zhu is the coauthor of this research under 

the supervision of Prof. R. Wallace and contributes equally to this work, including the design of 

surface analysis related experiments (in situ STM, XPS, Raman), and writing the manuscript. The 

theoretical calculations by first-principles density functional theory (DFT) were performed by Dr. 

Chenxi Zhang under the supervision of Prof. K. Cho. 

3.2 Introduction 

Recently, two-dimensional (2D) nanomaterials, in particular graphene and transitional-metal 

dichalcogenides (TMDs), have attracted tremendous research interest because of novel electronic, 

optical, and mechanical properties associated with their atomically thin nature, van der Waals 

(vdW) interactions, and wide range of band gaps/band alignments.1-4 TMDs, with a general 

formula of MX2 (M = Mo and W, X = S, Se, and Te) and polymorphs, including the 

semiconducting hexagonal (2H), the metallic octahedral (1T), and the semi-metallic distorted 
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octahedral (1T’) phases. As noted in the literature, the semiconducting-metal phase transition 

among polymorphs provides an appealing phase engineering alternative strategy for atomically 

thin nanoelectronics and optoelectronic device applications, when compared to the traditional 

chemical doping of contact regions to lower the contact resistance.1-2, 5-10  

The ability to fabricate lateral/vertical metal-semiconductor heterojunctions with trap free 

interfaces is highly desirable to reduce the interfacial scattering, and hence to reduce contact 

resistance. Though the synthesis of heterojunctions is still not mature enough for contact purposes, 

methods of selective phase engineering, such as chemical (intercalation) doping to form the 1T 

phase in MoS2, and charge/strain/defect engineering to form 1T’ phase in MoTe2 are being 

developed.5-6, 9-10 Despite these efforts, the metastable 1T or 1T’ phases are likely an obstacle for 

their applications.11  

One-dimensional (1D), metallic M-X nanowires (NWs) with unique structures and 

intrinsic anisotropic metallic properties remain to be developed as an important complementary 

building block for nanodevices.12-13 Recently, an isolated, nanometer-length M6X6 NW (X = S and 

Se) has been fabricated forming a “self-adapted” junction with MX2 monolayers using electron-

beam irradiation methods.14-17 Such a top-down, subtractive fabrication method requires a precise 

beam control, relies on irradiation removal of MX2 regions, and may limit its practical application 

for nanodevices. 

We present an alternative strategy for long, stable metallic Mo6Te6-NW formation not 

previously reported through the annealing of 2H-MoTe2 crystals (≈ 15-20 layers thick) under 

vacuum. The associated phase transition temperature (400-500 C) is amenable to device 
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integration, and the length of NWs can be in the micrometer range. Importantly, the NWs are 

thermally stable upon reannealing to 450 C after the initial formation and stable for long storage 

times. We not only demonstrate that this type of phase transition exhibits an atomically sharp 

interface between the 2H-MoTe2 and metallic Mo6Te6-NW-bundles, but also show from band 

bending behavior that such NWs may exhibit a hole injection effect due to band alignment with 

the 2H-MoTe2. Finally, in contrast to previous reports,18-23 this NW phase formation is observed 

within the bulk of layered MoTe2 and does not require the introduction of a ternary intercalant 

species. 

3.3 Experimental Section 

3.3.1 STEM Specimen Preparation and Characterization 

(1) Plan-view specimen preparation: 

A MoTe2 thin flake was exfoliated from bulk 2H-MoTe2 crystals (HQ Graphene), which were also 

used in Scanning tunneling microscopy (STM)/ X-ray photoelectron spectroscopy (XPS) studies, 

with scotch tape24 and then transferred onto a Quantifoil TEM grid by the dry transfer method. In 

the next step, the TEM grid with the MoTe2 flake was loaded in FEI Dual Beam Nova 200 FIB, 

and the MoTe2 flake was transferred to a Protochips thermal E-chips using our mask assisted 

method for in situ heating studies (Figure 3.1). 
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Figure 3.1. Schematic of the FIB assisted MoTe2 flake transfer. Two masks are fabricated using a 

FIB and manipulated to cover the target MoTe2 flake on a Quantifoil TEM grid. The flake is then 

transferred onto a Protochips thermal E-Chip, followed by the removal of the upper mask. 

 

(2) Cross-Section specimen preparation of the plan-view specimen after heating: 

In order to study the cross-section morphology of the plan-view specimen after heating, we 

prepared two STEM cross-section lamellas at two selected positions: one across the nanowire 

bundles and the other along the nanowire bundles growth direction, respectively. Prior to ion beam 

milling, the specimen surface is protected by e-beam assisted carbon deposition followed by SiO2 

and Pt deposition on the region of interest. The routine TEM lamella preparation method and in 

situ lift-out (ISLO) method25 have been applied to transfer the STEM specimen onto an Omniprobe 

TEM grid for TEM study. 
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(3) Cross-Section specimen preparation for in situ heating study: 

We used electron beam assisted SiO2 and Pt deposition on the bulk MoTe2 surface, then used the 

routine TEM specimen preparation method to prepare a lamella specimen down to ~100 nm in 

thickness. Following the recipe of the plan-view specimen preparation method using Omniprobe, 

the lamella was rotated to the horizontal orientation on the Omniprobe needle and then transferred 

to a heating E-chip by ISLO method for the heating study. Final thinning was performed with 5 

kV Ga ions to remove the damaged layer on the lamella surface during 30 kV Ga ion milling. 

(4) STEM imaging and spectroscopy analysis: 

In-situ STEM heating was performed on the Protochips Aduro heating specimen holder, which 

enables heating a specimen from room temperature (RT) to the target temperature within one 

second so that the thermal drift is minimized even for high-resolution STEM imaging. The 

accuracy of the applied temperature on the Protochips heating grid is less than 5 °C. The base 

chamber pressure of the microscope is ~1.510-6 mbar. STEM Imaging was performed using a 

JEM-ARM200F (JEOL USA Inc.) equipped with a spherical aberration (Cs) corrector (CEOS 

GmbH, Heidelberg, Germany). The microscope was operated at 200 kV, and the probe 

convergence semi-angle was 23 mrad with a probe current of 18 pA. The corrector has been 

carefully tuned by the Zemlin-tableau method with Cs = 0.5 µm and the resolution is about 1 Å. 

The acquisition semi-angle for high angle annular dark field (HAADF) detector and annular bright 

field (ABF) detector was 90-370 mrad and 12-24 mrad, respectively. Energy Dispersive X-ray 

Spectroscopy (EDS) was performed with an Oxford X-MaxN100TLE with 100 mm2 silicon drift 

detector. Prior study shows that the displacement threshold energy to create a Te vacancy in MoTe2 

is 5.9 eV, corresponding to the electron energy of 270 keV.26 In this work, we use 200 kV for the 
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imaging so electron beam induced irradiation effects are not responsible for the thermally activated 

Te desorption here. 

3.3.2 Density Functional Theory (DFT) Calculations 

The structure optimizations of the Mo6Te6 NWs were performed within the framework of DFT 

using Vienna ab initio package (VASP). Calculations based on the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) function were carried out with 

the projector augmented wave (PAW) pseudopotential plane-wave method. The Monkhorst-Pack 

k-point sampling method in the Brillouin zone is Γ-centered with a 10×10×8 mesh in ionic 

optimization of 2H-MoTe2. The sampling mesh for the ionic relaxation of Mo6Te6 NW is 4410. 

The cutoff energy is 450 eV, and the criteria of convergence for energy and force are set to be 

1×10-4 eV and 0.02 eV/Å, respectively. The Grimme-D3 Van der Waals correction is applied to 

include the interaction between Mo6Te6 NWs. 

3.3.3 STM and XPS Characterization 

A bulk MoTe2 crystal was used for the surface STM and XPS characterization. The annealing and 

surface characterization was carried out in an Omicron Nanotechnology designed ultrahigh 

vacuum (UHV) system with a base pressure of ~10-10 mbar. The UHV system is equipped with a 

load-lock chamber, an annealing chamber, an XPS analysis chamber, and a room temperature STM 

(Omicron variable temperature STM.27 A freshly exfoliated MoTe2 sample was quickly 

transferred into the UHV system for initial surface analysis by XPS and STM. Then the sample 

was annealed in UHV at 200 C, 300 C, 400 C, and 450 C for 2 h, 1 h, 0.5 h and 0.25 h, 

respectively, and followed with XPS and STM characterization after the sample was cooled down 
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to room temperature. A longer annealing time at a lower temperature is maintained to desorb 

possible (weakly bound) surface contaminants due to ex-situ sample preparation, whereas shorter 

annealing time is kept at a higher temperature to prevent significant tellurium desorption. During 

the annealing, the vacuum in the annealing chamber remains below 510-8 mbar. The error on the 

annealing temperature is less than 20 C.  

The STM images were obtained in constant current feedback mode at room temperature, 

and with polycrystalline W tips that were electrochemically etched and pulse cleaned for the 

STM/STS data. All bias voltages are applied to the sample with respect to the ground. The STM 

data were analyzed with WSxM software. 

XPS spectra of Te 3d, Mo 3d, O 1s, C 1s, and Te 4d core levels and valence band regions 

were recorded with a monochromatic Al K X-ray source (h = 1486.7 eV) with a pass energy of 

15 eV and a take-off angle of 45 from the sample surface normal. The analytical spot size is ~640 

µm2. The XPS spectra were analyzed with AAnalyzer software,28 and the stoichiometry of the 

MoTe2 were determined using a relative sensitivity factor of 5.705 and 3.321 for Te 3d5/2 and Mo 

3d peaks, respectively. To check the uniformity of the surface chemistry, stoichiometry and 

morphology, XPS and STM characterization is performed on multiple, independent surface 

regions on the initial surface or after annealing.  

3.4 Results and Discussion 

3.4.1 In Situ Heating Study of Few Layers MoTe2 

In this work, the 2H-MoTe2 to Mo6Te6 NW transition process is monitored by scanning 

transmission electron microscopy (STEM) through three MoTe2 orientations: plan-view [0001] 
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(Figure 3.2 and Figure 3.5B-D) and cross-sectional views [1-100] (Figure 3.3) and [11-20] (Figure 

3.4 and Figure 3.5E-F), respectively. No obvious change can be found if the temperature is below 

250 C (Figure 3.2A-B). However, nanometer-sized bright spots appear once the temperature 

reaches 300 C (Figure 3.2E-H). Finally, a streak morphology starts to propagate in MoTe2 if the 

temperature is higher than 450 C (Figure 3.2I-L and Figure 3.5B-D). 

 
 

Figure 3.2. Morphology changes of plan-view 2H-MoTe2 flake during the in situ heating process. 

(A-D) Low magnification HAADF images of the 2H-MoTe2 flake when heated from room 

temperature (RT) to 400 C. (E, F-H) STEM images of the 2H-MoTe2 at 300 C and 400 C, 
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respectively, showing the generated nanometer-sized bright spots (in HAADF mode). High 

magnification images in (G) HAADF and (H) ABF mode in (F). (I, J) Dramatic morphology 

evolution of the 2H-MoTe2 flake due to fast growth of Mo6Te6 NW bundles and Te desorption 

along the <11-20> directions. (K) HAADF image of the NW bundle interface with 2H-MoTe2. (L) 

High magnification ABF image of the boundary region between the 2H-MoTe2 and Mo6Te6 NWs. 

The inset exhibits a STEM simulation of the Mo6Te6 NW region with a NW separation of 8.9 Å 

and lattice constant c of 4.6 Å. 

 

The NW formation rate/temperature is faster/lower with facilitated Te desorption. It is seen 

experimentally that NW formation is relatively facile on the plan-view specimen (Figure 3.2E) 

where Te loss is clearly detected at 300 C in comparison to the cross-sectional [1-100] (Figure 

3.3) and [11-20] specimens (Figure 3.4) where Te loss is detected upon annealing at 450 C. As a 

result, Mo6Te6 NW-phase formation occurs near T = 450 C for the plan-view [0001] specimen 

(Figure 3.2I-J and Figure 3.5B-D), and T = 500 C for the cross-sectional view [1-100] and [11-

20] specimens. Before the NW phase forms, the 2H-MoTe2 structure is maintained, and the image 

contrast is only affected by some surface decomposition and Te desorption. The extent of the Te 

desorption increases with the annealing time or temperature. 
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Figure 3.3. Morphology changes of cross-sectional view along 2H-MoTe2 [1-100] orientation 

during the in situ heating process. (A) Streak morphology start to appear due to Te desorption in 

vacuum. (B) Zoom in of the streak morphology. (C-E) Low magnification image shows the 

increase of the density of the streak morphology in extent with annealing time and temperature. 

(F-H) Zoom in of Mo6Te6 NWs embedded in 2H-MoTe2. The images are acquired at room 

temperature after 500 oC heating. 



 

47 

 
 

Figure 3.4. Morphology changes of cross-sectional view along 2H-MoTe2 [11-20] orientation 

during the in situ heating process. (A-B) The density of the streak morphology increase with time 

during 450 oC heating. (C-D) Zoom in of the streak morphology. No Mo6Te6 NWs been formed 

in this stage. (E-F) Low magnification image shows the formation of Mo6Te6 NWs during 500 oC 

heating. Voids start to appear in the specimen. (G) Mo6Te6 NWs tend to be formed near the void 

region. (H) High resolution STEM image of Mo6Te6 NWs in a void region. 

 

Figure 3.5B presents the overall morphology in plan-view of the 2H-MoTe2 [0001] at 450 C, 

showing the resulting “streak line” morphologies due to the Te desorption and formation of 

Mo6Te6 NW bundles along the three-fold 2H-MoTe2 <11-20> crystallographic directions at 450 

C. NW bundles can be up to 1 micrometer in length. Energy dispersive X-ray spectroscopy (EDS, 

Figure 3.5C) demonstrates that the vacuum annealing process resulting in the Mo6Te6 NWs 

formation is associated with Te loss from the 2H-MoTe2 structure so that the Te/Mo ratio at the 

NW region decreases to 1.07, which is consistent with the stoichiometry of Mo6Te6. 
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Transformation of 1D NWs of Mo6Te6 from 2H-MoTe2 (Figure 3.5A) is neither predicted in the 

Mo-Te phase diagram nor reported in previous growth of MoTe2 polymorphs (2H and 1T’ 

phases).29-33 This is likely because the 2H-to-1T’ phase transition of MoTe2 is favorable under 

thermodynamic equilibrium due to the small formation energy difference (0.03 eV) between its 

2H and 1T’ structure.34 Indeed, the 2H-to-1T’ phase transition can be triggered through thermal,5, 

35 strain,6 charge,36 or laser irradiation7 approaches. The thermally driven 2H-to-1T’ transition 

temperature for MoTe2 under thermodynamic equilibrium is roughly in the range of 500-880 C, 

and likely depends upon the concentration of Te.11, 35 However, the similar electronegativity values 

for Mo and Te impact the Mo-Te bond strength/stability, making it easier for Mo-Te bond scission 

relative to other MX2 transition-metal dichalcogenides. This bond scission, and thus desorption of 

volatile Te, may be further enhanced under vacuum annealing conditions and thus inhibit the 2H-

to-1T’ transition that is not observed during this experiment. 

The role of Te loss/desorption in the formation of Mo6Te6 NWs is further accentuated upon 

comparing the formation rate of NWs on these STEM specimens at the same temperature. Real-

time growth of Mo6Te6 NWs (T = 450 C) are recorded in time-sequential STEM images along 

the plan-view (Figure 3.5D) and cross-sectional [11-20] directions (Figure 3.5E-F), respectively, 

showing a much faster formation rate of Mo6Te6 NWs along their c axial direction (which is also 

in alignment with the 2H-MoTe2 <11-20> directions) than along their [100] direction. It is noted 

that the specimen described in Figure 3.5E-F has been used for the initial RT-to-500 C annealing 

experiment to study the thermal stability of the [11-20] specimen (Figure 3.4) and then cooled 

down to RT for STEM imaging. Figure 3.5E-F are recorded at 450 C upon reannealing the 
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specimen. The lowered NW formation temperature is also attributed to an enhanced Te loss 

through pre-heating. 

 

Figure 3.5. The transition and growth of Mo6Te6 NWs from 2H-MoTe2. (A) Schematic of the 

transition from 2H-MoTe2 to Mo6Te6 subnanometer-diameter NWs. (B) Large scale plan-view 

image of Mo6Te6 NW bundles grown on 2H-MoTe2 (0001) surface at T = 450 C along the <11-

20> crystallographic directions (red arrows). The inset shows a zoomed-in image of the end of one 

NW bundles, which has a width of ~50 nm. (C) EDS analysis on top of Mo6Te6 NW bundles (red 

dot) and the nearby 2H-MoTe2 region (black dot in the inset panel of B), respectively, showing the 

corresponding Te/Mo ratios of 1.07 (NWs) and 1.87 (2H phase). The Si signals in the EDS 

spectrum come from the underlying SiC supporting film of the heating E-chip. (D) Time sequence 

images of 2H-MoTe2 (0001) show a fast growth of Mo6Te6 NWs along the 2H-MoTe2 <11-20> 

directions at 450 C. (E-F) Time sequence images viewed along the 2H-MoTe2 [11-20] direction 

(or Mo6Te6 [001]) at 450 C, showing new Mo6Te6 NWs formed from 2H-MoTe2. All STEM 

images are recorded in high angle annular dark field (HAADF) mode. 

 

A 1D chain of M-X NWs, with a basic formula of M6X6, consists of an infinitely staggered 

stack of two equilateral M3Te3 units (red triangles in Figure 3.6A). Each M3X3 unit has 3 X atoms 
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at its vertexes and 3 M atoms between each pair of X atoms. EDS analysis in Figure 3.6B confirms 

the inner Mo core and outer Te decoration within one single Mo6Te6 NW. The binary Mo6Te6 

NWs formed here follows a monoclinic assembly as schematically shown in Figure 3.6A and 

confirmed from a c/2 shift along the axial direction between two NW neighbors (Figure 3.6C). 

This monoclinic assembly is distinct from hexagonal ternary crystal compounds without the c/2 

shift (AxMo6X6, A = ternary elements such as alkali metals, indium, iodine, etc. filling the 

interstitial voids between NWs, x = 1-3), such as those described by, for example, Cheverel18 and 

others19-23 requiring intercalation of elements during crystal growth at high temperatures or long 

durations. The orientation and separation of stacked NWs can be affected by intercalated atoms.37 

The orientation can be defined by the rotation angle (, shown in Figure 3.6A) with respect to the 

neighboring NWs, and can change to ~0 when inserted with interstitial Mo or Te atoms.38 Here, 

the binary Mo6Te6 NWs without interstitial atoms show a configuration with a NW separation of 

8.90.1 Å and each NW is slightly rotated for  ~111 (Figure 3.6D). This is consistent with the 

density functional theory (DFT) model stability study of the Mo6Te6 NWs after formation where 

the 11 rotated configuration, without interstitial atoms, is the energetically most stable. 
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Figure 3.6. Monoclinic assembly of the Mo6Te6 NWs. (A) Atomic structure models of Mo6Te6 

NWs viewed along different crystallographic directions.  is the relative rotation angle of the NW. 

(B) EDS line scan across one NW center, confirming the Mo and Te atomic positions in the NW 

structure. (C-D) High resolution cross-sectional STEM images of Mo6Te6 NWs along its (C) [100] 

and (D) [001] directions. In the STEM images, c is ~4.6 Å and  is ~111. All STEM images are 

taken in HAADF mode.  

 

In addition, the NW separation observed in our monoclinic assembly is also smaller than 

that of the hexagonal assembly from previous DFT calculations (NW separation of 9.45 Å, c = 

4.58 Å).39 As the layer thickness of the Mo6Te6 NWs (~7.6 Å) is larger than that of 2H-MoTe2 (7 

Å), dislocation core-like regions where two MoTe2 layers join to become one Mo6Te6 NW can be 

observed during the phase transition process (Figure 3.7). It is obvious that the 2H-to-NW 

transition may not be limited within the same 2H layer. Regardless of the NW orientations and 
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lattice mismatch, an atomically sharp MoTe2/Mo6Te6 interface and vdW gap with the 2H-MoTe2 

substrate are preserved. 

 

Figure 3.7. Dislocation core regions where two MoTe2 layers join to become one Mo6Te6 NW. 

Images (A) and (B) are viewed along the axial direction of Mo6Te6 NWs and 2H-MoTe2 [11-20], 

respectively. Clearly, 7 layers of NWs are aligned with 8 MoTe2 layers, and some layers of Mo6Te6 

(blue arrows) are formed by two adjacent MoTe2 layers. Therefore, the 2H-MoTe2  Mo6Te6 

transition is not limited to the same MoTe2 layer.  

 

The electronic and chemical properties of Mo6Te6 NWs formed through the phase 

transition of the regions near the 2H-MoTe2 surface are further investigated through in situ 

scanning tunneling microscopy (STM) and x-ray photoemission spectroscopy (XPS) with a bulk 

2H-MoTe2 crystal heated under ultra-high vacuum. STM (Figure 3.8A) confirms a full coverage 

of Mo6Te6 bundle networks on top of the 2H-MoTe2 sample when annealed at 450 C for 15 min, 

the same temperature for the growth of Mo6Te6 NWs on the STEM plan-view [0001] specimen. 

The lattice constants of NWs extracted from the STM measurements (NW separation of 9.0±0.2 

Å and constant c along NW axis of 4.6±0.2 Å) are consistent with that of the 11 rotated NW 

configuration determined from the STEM. XPS (Figure 3.8B) also corroborates a significant 
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presence of the new Mo6Te6 NW components (dark red curves, 572.2 eV for Te 3d5/2 and 227.5 

eV for Mo 3d5/2) after the 450 C annealing. An almost 0.4 eV downward shift of the substrate 

2H-MoTe2 components (blue curves) is induced with the coverage of Mo6Te6 NWs and indicates 

an upward band-bending from interfacial charge transfer (possibly hole injection) upon the Mo6Te6 

NWs formation.  

Scanning tunneling spectroscopy (Figure 3.8C) further provides evidence that Mo6Te6 NW 

bundles are metallic, which is also consistent with the observation of the alignment of valence 

band maximum with the Fermi level position. DFT band structures of a single Mo6Te6 nanowire 

and bulk Mo6Te6 NWs in a monoclinic assembly are shown in Figure 3.8D-E, confirming the 

intriguing semiconducting property of an isolated nanowire with a bandgap of ~0.3 eV and the 

metallic nature of Mo6Te6 NW bundles determined by a partially occupied conduction band.40-41 

However, we only detect  Mo6Te6 NW bundles formed from the bulk MoTe2 crystal in this work 

which is ternary element free, and consistent with the observed 11 orientation. 
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Figure 3.8. In situ XPS and STM observations of the Mo6Te6 NWs formed on top of 2H-MoTe2. 

(A) STM image (sample bias Vb = -0.5 V and tunneling current It = 1.5 nA) of the formed Mo6Te6 

NW networks on top of 2H-MoTe2 upon the 450 C annealing in ultra-high vacuum for 15 min. 

The inset shows an atomic image of the Mo6Te6 NWs. (B) XPS spectra of Te 3d5/2 and Mo 3d 

doublet core-levels of the 2H-MoTe2 crystal before and after the surface formation of Mo6Te6 

NWs at 450 C. The overall surface Te/Mo ratios determined from the curve fitting are 2.12±0.02 

and 1.54±0.05 for the initial and 450 C annealed surfaces, respectively. (C) Normalized 

differential conductive dI/dV spectra measured on the initial 2H-MoTe2 surface (blue) and the 

formed Mo6Te6 NWs (dark red), respectively, showing the corresponding band gaps of ~1.02 eV 

and ~0 eV. DFT band diagrams of (D) single and (E) multiple Mo6Te6 NWs; Fermi level is set to 

zero as reference.  

3.4.2 In Situ Heating Study of Monolayer and Bilayer MoTe2 

In section 3.4.1, we observed the formation of Mo6Te6 nanowires for few layers MoTe2 under the 

vacuum annealing (450-500 C). However, the dynamics of the 2H-NW phase transition cannot 
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be observed at the atomic level because of the thickness of MoTe2 flake. In this section, the in situ 

heating experiment is performed using a monolayer and bilayer MoTe2 flake in the TEM column. 

Figure 3.9A shows the image of a monolayer MoTe2 transferred on a Protochips thermal E-Chip, 

and its corresponding atomic-resolution HAADF image (see inset in Figure3.9A). In Figure 3.9B, 

nanometer-sized bright spots appear on the MoTe2 flake after 300 C annealing, which is consistent 

with the observation of few layers MoTe2 in section 3.4.1. Since the energy required to move a Te 

atom into the vacuum is much lower than that for a Mo atom, Te vacancies are generated 

continuously when the heating is prolonged. Simultaneously, excess Mo atoms tend to migrate on 

the flake surface and react with the carbon residue to form the nanometer-sized MoC clusters. 

Therefore, pores can be initiated and expanded during the flake annealing. The dissociation of Te 

from the MoTe2 flake and the formation of MoCx clusters at relatively low temperature indicates 

that MoTe2 has poor thermal stability. 

After heating at 400 C, large faceted hexagonal or triangular-shaped pores are observed 

along the <11-20> directions of MoTe2 (Figure 3.9C). Interestingly, most of the edges of MoTe2 

flake are terminated with the Mo6Te6 NWs. The NW-terminated edge is similar to what reported 

in a recent publication of MoxW1-xSe2 under 500 C annealing.42 The temperature (400 C) for 

NWs formation in monolayer MoTe2 is lower than that in thick MoTe2 flakes (450 C), indicating 

that Te dissociation is easier for monolayer MoTe2. Apart from Mo6Te6 NWs, MoCx clusters are 

frequently observed in the pores or next to the edge of MoTe2 flake. 

Figure 3.9D shows a typical morphology of the flake after a long time annealing at 450 C. 

The average length of NWs is less than 100 nm, which is remarkably smaller than the length of 

NWs formed in thick MoTe2 flake. This can be easily explained by the nature of monolayer MoTe2 
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flake that Te atoms in monolayer MoTe2 are directly exposed to the vacuum. As a comparison, it 

is much more difficult for the Te atoms in a thick MoTe2 flake to first migrate to the flake surface 

and then escape into the vacuum. Therefore, the 2H-NW phase transition can take place along Te 

escape channels, i.e., <11-20> MoTe2 directions. 

 

Figure 3.9. 2H-MoTe2-to-Mo6Te6 NW phase transition in monolayer MoTe2 (A) The morphology 

of a monolayer MoTe2 and its corresponding atomic-resolution Z-contrast image. (B) Nanometer-

sized bright spots observed at 300 C. (C) Mo6Te6 NWs-terminated edges are observed after 

annealing at 400 C. (D) Complete conversion of MoTe2 to Mo6Te6 NWs after a long time 

annealing at 450 C. 

 

We also investigated the 2H-NW phase transition in a bilayer MoTe2 flake (Figure 3.10). 

In addition to the NW-terminated edges, an abnormal intermediate phase is observed during the 

phase transition. Sequential STEM imaging is performed to analyze the NW formation. The initial 

morphology of the intermediate phase is highlighted by a dashed box in Figure 3.10A. After 494 
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s, the gliding of an NW is observed (Figure 3.10C), indicating the flexibility of NWs under the 

electron beam irradiation.16, 43 However, the intermediate phase is quite stable even with the 

electron beam irradiation, and there is not much change in the structure. After 545 s, the 

intermediate phase starts to vibrate as a result of the continuous electron beam irradiation. Finally, 

the growth of a short NW to a long NW is observed during the folding of the intermediate phase.  

Figure 3.10B shows the zoom-in of the intermediate phase. Through a quantitative analysis of the 

Z-contrast STEM image, the number of atoms in an atomic column could be identified.44 In 

particular, the thickness of the intermediate phase can be categorized into three types: low 

intensity, medium intensity, and high intensity, corresponding to one, two, and three atoms in an 

atomic column, respectively. The columns with low intensity can only be found at the edge of the 

intermediate phase. The columns with three atoms (high intensity) are generally separated by the 

columns with two atoms (medium intensity), and vice versa. After comparing with the structure 

of Mo6Te6 NW (as shown in Figure 3.10B), we found that the structure of three-atom columns is 

Te-Mo-Te, while the two-atom columns could be Te-Te, Mo-Mo, or Mo-Te, respectively. In 

addition, the two-atom columns (highlighted by purple circles) in Figure 3.10B are shared by two 

NW-like structures (highlighted by the red rectangles). As observed in Figure 3.10D, the vibration 

of the intermediate phase caused the atoms separation in Te-Te columns, resulting in the formation 

of NW from its edge. 
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Figure 3.10. The intermediate phase founded in a bilayer MoTe2 during the 2H-NW phase 

transition (A-B) Initial morphology of the intermediate phase. (C) The gliding of an NW. (D) NW 

formation at the edge of the intermediate phase. 

3.4.3 Influence of Polymer Residue 

In section 3.4.2, we observed the formation of nanometer-sized MoCx clusters during vacuum 

annealing, indicating the influence of carbon residue during the phase transition. In this section, 

the influence of carbon residue is extensively analyzed. 

Figure 3.11 shows two examples of the influence of carbon residue during TEM 

observation. Figure 3.11A shows a bilayer MoTe2 flake with many carbon residues. A huge 

number of vacancies are created even with a fast scanning at low magnification. The ionization 

effect of the electron beam makes the carbon residue very reactive, even at room temperature. 

Figure 3.11B shows the tendrils morphology during vacuum annealing (without beam irradiation). 
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This morphology is occasionally observed from the MoTe2 flake with heavy carbon residues. A 

more stable MoC is preferred during annealing when compared with the Mo6Te6 NWs. 

 

Figure 3.11. Influence of polymer residue (A) Vacancies are created in a bilayer MoTe2 flake with 

many carbon residues, even a fast scan at low magnification is performed. (B) MoCx of a tendrils 

morphology is observed for a MoTe2 flake with heavy carbon residue.  

 

The Mo6Te6 NW is relatively stable when the carbon residue is absent from the flake. 

However, it becomes unstable once there are carbon residues in the flake. Figure 3.12A-D shows 

the disappearance of a Mo6Te6 NW during a TEM observation at room temperature. There are 

medium carbon residues in this region, and NWs are formed at the edge of MoTe2 flake prior to 

the observation (Figure 3.12A). After 67 s continuous scanning with the electron beam, the NW 

(highlighted with a dashed circle) starts to react with the carbon residue and break up from one 

end (Figure 3.12B). After 112 s, the NW shrinks from both ends and MoCx clusters are formed at 

the edge of the flake (Figure 3.12C). Finally, the NW completely disappears after 160 s scanning, 

as shown in Figure 3.12D. This observation indicates the electron beam irradiation can 

significantly affect the stability MoTe2 or Mo6Te6 NW when there are carbon residues. As a 
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comparison, sequential images Figure 3.12E-H show the growth of a monolayer Mo2C flake from 

the Mo6Te6 NWs during annealing. The Mo6Te6 NWs are formed prior to TEM observation. With 

the help of the electron beam irradiation, together with the annealing at various temperatures, a 

monolayer Mo2C flake, originated from Mo6Te6 NWs (Figure 3.12E), gradually grows from a 

region with medium carbon residue (Figure 3.12F-H). 

 

Figure 3.12. The stability of Mo6Te6 NWs under electron beam illumination. (A-D) Sequential 

images showing the disappearance of a Mo6Te6 NW. (E-H) Sequential images showing the 

formation of a monolayer Mo2C flake from Mo6Te6 NWs. The MoCx clusters and the etching of 

MoTe2 are highlighted with the white and yellow dash lines, respectively. Single Mo or Te atoms 

(red arrows) can migrate along with the polymer residue. Polymer residue can react with Mo6Te6 

NW under the electron beam illumination, highlighted by the purple arrow. 

3.5 Conclusions 

In conclusion, we present the first direct observation of the thermally driven phase transition from 

2D 2H-MoTe2 to 1D arrays of Mo6Te6 subnanometer-diameter NWs by vacuum annealing, in situ 
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high-resolution STEM imaging and surface sensitive techniques (STM and XPS). The 2D-to-1D 

transition temperature range is 450-500 C and primarily along the 2H-MoTe2 <11-20> directions. 

We also observe the NW phase formation from the reconstruction at the edge of  a monolayer flake 

at 400 C and from the intermediate phase in bilayer MoTe2, respectively. A novel NW-terminated 

edge is observed in monolayer MoTe2 flake during vacuum annealing. The reduction of phase 

transition temperature is caused by the large specific surface of monolayer and bilayer MoTe2, 

which facilitates the dissociation of Te from the MoTe2 surface. We identify that the formation of 

Mo6Te6 NW from MoTe2 is a complex process with multiple routes. A general hypothesis is that 

a Te deficient environment is required prior to the phase transition. The annealing or electron beam 

irradiation can provide the energy to overcome the energy barrier for the phase transition. In 

addition, we investigate the influence of carbon residue on the phase stability during the vacuum 

annealing, indicating that a clean MoTe2 flake with a low concentration of carbon residue is 

required for the NW phase transition. Moreover, we study the electronic properties of the isolated 

Mo6Te6 NW and NW bundles using DFT calculation. DFT modeling shows that an isolated NW 

possesses a small gap (~0.3 eV) semiconducting property, while the NW bundles are predicted to 

be metallic. The metallic property of these bundles has been confirmed by STS and XPS 

measurements. The atomically sharp 2H-MoTe2/Mo6Te6 NW interface highlights a potential 

strategy for contact engineering to improve the performance of MoTe2 devices. Moreover, this low 

temperature, the thermally-driven transition, can be readily integrated into the fabrication of 

MoTe2 based electronic devices as well. 
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IN SITU HEATING STUDY OF INVERSION DOMAIN BOUNDARIES IN MOTE2  

4.1 Preface 

This chapter includes the material adapted with permission from a publication entitled “Defects 

and Surface Structural Stability of MoTe2 under Vacuum Annealing” [ACS NANO, 2017, 

11, pp 11005-11014]. Copyright, 2017, American Chemical Society. The authors are Hui Zhu, 

Qingxiao Wang, Lanxia Cheng, Rafik Addou, Jiyoung Kim, Mon J. Kim*, and Robert M. 

Wallace*. In this work, my contribution was in planning and executing the in situ TEM 

experiments, performing TEM data interpretation, and writing the manuscript. Hui Zhu is the 

coauthor of this publication under the supervision of Prof. R. Wallace and contributes equally to 

this work, including the design of surface analysis related experiments (in situ STM 

characterization, XPS, Raman), the corresponding data interpretation, and writing the manuscript. 

Dr. L. Cheng and Dr. R. Addou were acknowledged for their helpful discussion during the 

research. 

4.2 Introduction 

Among group-VIB transition-metal dichalcogenides (TMDs), semiconducting molybdenum 

ditelluride (2H-MoTe2) with a bandgap very similar to Si (~1.1 eV for monolayer and 1.0 eV for 

the bulk state), is a promising electronic and photovoltaic device candidate.1 Additionally, MoTe2 

possesses facile phase transition behavior. For example, the phase transition between its 

semiconducting 2H structure and its semimetallic, distorted octahedral 1T’ structure due to their 

small formation energy difference (~0.03 eV) is well-known.2 Versatile methods of stimulating 
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this transition, such as temperature, strain, and charge injection, have been theoretically or 

experimentally suggested.2-6 Techniques for synthesizing the 2H7-9 and the 1T’ phases8, 10-11 of 

MoTe2 have also been developed and seems relatively more controllable than the other TMDs. 

Distinct phases can be formed by selecting the starting precursors11 or adjusting the synthesis 

temperatures.1, 4 Mainly, the thermal equilibrium for the 2H-to-1T’ transition temperature of 

MoTe2 has been reported in a range of 500-880 C, and is likely related to the Te concentration.1, 

4 Usually, a relatively lower Te concentration is concomitant with a lower phase transition 

temperature.1, 4  

The thermal stability of MoTe2 needs careful evaluation for practical nanoelectronic device 

applications compared to other TMDs. Brainard et al. have reported two distinct weight loss 

temperatures for MoTe2; 427 C arising from the evaporation of excess Te and 700 C from the 

dissociation of MoTe2.
12 This dissociation temperature is much lower than that for disulfides (870-

1040 C) and diselenides (930-980 C),12 and is related to the weaker Mo-Te bond strength 

reflected in the small electronegativity difference between Mo and Te.13-14 Recently, using 

scanning transmission electron microscopy (STEM) and scanning tunneling microscopy (STM) 

techniques, we have discovered a weakened Mo-Te bond strength/stability under vacuum 

annealing conditions (~400-500 C), leading to a distinct 2H-to-one dimensional Mo6Te6 nanowire 

(NW) transition along the <11-20> 2H-MoTe2 crystallographic directions as well as a fast Te 

desorption along these directions.15  

In this work, we used STM and STEM to investigate the surface structural evolution of 

MoTe2 crystals upon an ultra-high vacuum annealing (200 C to 400 C), revealing poor thermal 
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stability of MoTe2 due to the surface dissociation and desorption. In particular, the role of one 

inherent, nonstoichiometric defect arising from an elemental Te adatom has also been investigated 

thoroughly. The surface dissociation is found to take place at 200 C, forming Te vacancies, 

pinholes, and randomly shaped clusters. At 400 C, layer-type etched pits and intense inversion 

domain boundaries (IDBs) are formed, and the latter of which is mainly organized into a “wagon 

wheel” (WW) type morphology covering the sample surface. The atomic structure model and 

electronic properties of the IDBs are identified by STEM and scanning tunneling spectroscopy 

(STS), respectively. Additionally, Mo6Te6 NWs are occasionally found at pit edges due to the 

enhanced Te desorption. Finally, in regard to the degradation of MoTe2 towards oxidation and 

reduced thermal stability by Te desorption, methods to prevent the Te loss by encapsulation 

methods are explored. 

4.3 Experimental Section 

The MoTe2 crystals used in this work are chemical vapor synthesized by HQ Graphene using high 

purity molybdenum (99.9975%, Alfa Aesar) and tellurium (99.999%, Alfa Aesar) powders with 

Te vapor as a transport agent. 10 at. % more Te above the initial Te: Mo = 2:1 were added in the 

crystal growth process to avoid a Te deficiency and thus a more reactive surface to air exposure. 

Fresh sample surfaces are simply cleaved in air with Scotch® tape and then immediately loaded 

into an ultrahigh vacuum (UHV) system16 (base pressure ~10-10 mbar) for the subsequent surface 

characterization and heating studies.  

The UHV system (Omicron Nanotechnology designed) consists of an annealing chamber 

and one analysis chambers for XPS and room temperature STM (Omicron variable temperature 
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STM) analysis.16 Samples are in situ transferred to the prep chamber for heating treatments and 

transferred back to the analysis chamber for XPS/STM analysis after cooling down to room 

temperature. The sample manipulator in the annealing chamber allows a programmable controlled 

ramp-up rate of the substrate temperature. The ramp-up rate of the substrate temperature in this 

experiment is ~5 C/minute. The STM images are obtained with electrochemically etched W tips 

in constant current mode. The STM/STS data are analyzed with WSxM software. XPS spectra are 

obtained with a monochromatic Al K (h = 1486.7 eV) X-ray source, which has pass energy of 

15 eV and a take-off angle of 45 and then analyzed with AAnalyzer software17. 

The crystallinity and defects in monolayer or few-layer MoTe2 are investigated with STEM 

measurements. A MoTe2 thin flake is transferred onto a Protochips in situ heating grid by 

poly(bisphenol A carbonate) assisted wet transfer method.18 In order to avoid electron beam 

induced damage, STEM imaging is performed on an aberration-corrected JEM-ARM200F (JEOL 

USA Inc.) operating at 80 kV. The convergence semi-angle of the electron beam is 25 mrad while 

the collection semi-angle for the annular dark field (ADF) detector is 70-370 mrad. In order to 

improve the signal-to-noise ratio of the atomically resolved STEM images on monolayer MoTe2, 

the deconvolution method has been performed using the DeConvHAADF software (HREM 

Research Inc.). HAADF-STEM image simulation has been performed using QSTEM software19 

with the same parameters as the experimental settings. To create defects in the MoTe2 thin film, 

spike annealing is applied at 450 C for 60 s and immediately cooled down to room temperature. 

The in situ observation of the migration of IDBs is performed at 250 C. A cross-section STEM 

specimen of the STM heated bulk MoTe2 crystal is prepared using a focused ion beam system (FEI 

Nova 200 Dual Beam). The inductively coupled plasma mass spectrometry technique (ICPMS)20 
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with a detection limit of 0.1 part per billion was used to search for impurities on initial MoTe2 

crystals. 

To test the passivation of MoTe2 flakes, the conventional PMMA assisted graphene transfer 

method is employed to transfer monolayer graphene from a Cu substrate to MoTe2 flakes deposited 

onto a 90 nm SiO2 layer on a Si substrate.21 The thermal stability of graphene/MoTe2 flakes is 

evaluated using Raman microscopy (InVia Confocal Renishaw spectroscopy), with the 

temperature-controlled by an N2 purged LINKAM THMS600 heat cell.22 Raman measurements of 

MoTe2 flakes are performed using a 532 nm excitation laser and a 0.22 mW laser power to 

minimize laser-induced local thermal heating damage. 

4.4 Results and Discussion 

4.4.1 Surface Dissociation and Development Te vacancy 

The surface chemistry of the initially exfoliated crystals is investigated with XPS, as shown in 

Figure 4.1a. Sharp peak spectra of Te 3d5/2 (573.2 eV) and the Mo 3d doublet (228.5 eV for Mo 

3d5/2 and 231.65 eV for Mo 3d3/2) with minimized Te-O (~576.1 eV) and Mo-O (~232.2 eV) 

oxides are typically detected on freshly exfoliated MoTe2 surfaces. Depending on samples and 

scanning locations, the Te/Mo atomic ratios obtained from the XPS analysis of the Te 3d5/2 and 

Mo 3d core level regions vary within the range of 2.1-2.4 and thus suggesting either a tellurium-

rich (Te interstitials or intercalates) or a molybdenum-deficient (Mo vacancies or substitutions) 

chemical environment.23 It is noted that the defects mentioned above are not introduced during the 

ex-situ preparation process that often associates with hydrocarbon adsorption or slight surface 
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oxidation (i.e., Te-O and Mo-O bonds). The defect is suggested to be atomic Te dopants that have 

been consistently observed on MoTe2 crystals from other sources with a Te/Mo ratio of 2.4-2.6.24 

Scanning Tunneling microscopy (STM) with atomic sensitivity are employed to examine possible 

defect states within the Te-rich MoTe2: interstitial/intercalated Te atoms and Mo vacancies. Figure 

4.1c,d show typical STM images of a freshly exfoliated MoTe2 (0001) surface measured at 

negative sample biases (empty-state). The surface is decorated with a high concentration of 

randomly distributed, nanometer-sized bright “protrusions” that are rarely reported in previous 

STM studies on MoTe2.
25-28 The “protrusions” have an areal density of 233%, and a spatial 

extension of 1-2 nm. Similar “protrusion” decorated surfaces are also observed on MoTe2 samples 

from different sources with higher defect concentrations and Te/Mo ratios. Sample bias dependent 

STM analysis of the protrusions reveals that the apparent protrusion height is strongly sample bias 

dependent. In general, the average height is around 30.5 Å at negative sample biases, higher than 

the average value of 1.00.3 Å obtained at positive sample biases. The variation of protrusion 

heights or their lateral extensions under the same imaging condition (see Figure 4.1d) is related to 

the inhomogeneous defect distribution in the subsurface layers. In Figure 4.1d, three types of the 

lateral extension of protrusions are observed. Occasionally, protrusions (viz. defects residing in 

deeper layers) that are barely detected under positive sample biases can be pronounced at negative 

sample biases.24 The bias polarity dependent STM appearance signifies the bias induced local 

electronic density state changes rather than topographic protrusions.29-30 The contribution of 

defects from subsurface layers is also supported by the atomically resolved STM image inset in 

Figure 4.1d, where the protrusions only superimpose on the hexagonal MoTe2 lattice without 

apparent surface adsorbates or vacancies. The central symmetric shape of protrusions and the 
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above STEM observations suggest that each protrusion defect is likely to represent a single 

intercalated Te atom. 

Subsurface dopants or defects that can cause such topographic contrasts (either hillocks or 

depressions, relying on donor or acceptor identity, spatial positions of defects, as well as the energy 

levels introduced) and the related tunneling models (including the effect of STM tip-induced band 

bending) have been extensively discussed in previous STM studies of GaAs, Si, and some TMDs 

surfaces.30-35 The height and spatial extension of surface defects can be used as an indication of 

their subsurface location.30 Similarly, considering the limited detection depth of the STM and the 

protrusion aspect ratio in Figure 4.1c and d, intercalated Te atoms residing underneath the 

subsurface 1st (first), 2nd, and 3rd layers are suggested. If tentatively assuming the apparent 

protrusions seen in Figure 4.1c to originate from the underlying two layers (extending ~1.4 nm in 

thickness given their much higher spatial/height resolutions than defects from the third layer), then 

the 353 protrusions counted in Figure 4.1c would roughly give an estimated defect concentration 

of 2.51019 cm-3: much higher than the concentration level of minority impurities detected by the 

mass spectrometry analysis. Such concentrations are consistent with a majority species: Te. 

Given the existence of such high defect concentrations, the chemical stability of the MoTe2 

surfaces has been corroborated through air exposure experiments demonstrating that the oxygen 

uptake does not occur in a significant amount. Only less than 4 at.% of surface oxides (Te/Mo-O 

bonds) are detected after two days of air exposure. Therefore, the crystal is preserved for the 

following thermal stability study to examine the role of excess Te as well. 
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Figure 4.1. Excess Te in intrinsic MoTe2 crystal (a) XPS spectra of Te 3d5/2 and Mo Mo 3d core 

level regions from a fresh-exfoliated bulk MoTe2. (b-c) STM images of the bulk crystal taken at 

Vb = -0.6 V and -0.4 V, respectively. A 3D zoom-in image inset in panel (b) indicates the average 

height of protrusions is 30.5 Å. The inset in panel (c) is a 5.5  4.0 nm2 atomically resolved STM 

image taken at Vb = +0.6 V. The tunneling current for all STM images is It = 1.5 A. 

 

Figure 4.2a,b show atomic resolution HAADF-STEM images of a MoTe2 flake (1L, top) 

and bilayer (2L, bottom) with an atomic number contrast (Z2 contrast). Two types of point defects 

are identified: single atoms (indicated as yellow/green arrows) sitting on top of Te triangles 

(yellow/green triangles) and Te vacancies (green circles). In the 1L region, the image intensity at 

the Te2 column sites (top and bottom Te atoms) is higher than that at the Mo atom sites if viewed 

along its [0001] zone axis. Therefore, Mo/Te atoms and defects can be easily distinguished based 

on their intensity differences (see the inset intensity line profile). It is noted that the Te atomic 

vacancies are likely generated by the initial 250 °C annealing, which was employed to remove 

surface residues from the transferring process, but clearly created some randomly distributed 

structural defects simultaneously. The STEM imaging was performed at 80 kV, which is much 

lower than the critical knock-on damage voltage of MoTe2.
36 Since Mo vacancies are seldom 

observed in the STEM images, the surface adatoms are likely to be Te atoms that result in the high 

Te/Mo stoichiometry. In Figure 4.2b, the stable sites of the intercalated Te atoms are observed as 
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either aligned with the underlying Mo atoms (indicated as green arrows/triangles) or at the hollow 

sites of Te triangles (yellow arrows/triangles), suggesting a random adsorption site. The latter case 

is apparently resolved and dominant in the 2L region. In addition, the in-plane lattice constant 

extracted from the plan-view HAADF image is 3.5 Å, consistent with the 2H structure reported in 

the literature.25 

 

Figure 4.2. Vacancies and adatoms in Te rich-MoTe2 (a) HAHAD-STEM image of a monolayer 

MoTe2. (b) HAHAD-STEM image of a bilayer MoTe2. Te vacancies and adatoms are indicated by 

green circles and green/yellow arrows, respectively. 

 

The thermal stability of MoTe2 is investigated with a UHV surface analysis system16 where 

the sample is annealed at 200 C, 300 C and 400 C for 2h, 1h, and 0.5h, respectively, and then 

followed by in situ STM analysis after the sample is cooled down to room temperature. Figure 

4.3a,b presents the STM morphological evolution of the MoTe2 after annealing at 200 C and 300 

C, and reveals the poor structural stability of MoTe2. The surface becomes more defective as the 

annealing temperature increases, which leads to the formation of apparent structural defects such 
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as clusters and pinholes. Representative examples of structural defects are shown in Figure 4.3c-g 

and obtained from the 300 C annealed sample surface. 

One dominant type of structural defect is presented as bright clusters with arbitrary shapes 

and sizes (see blue squares in Figure 4.3c,d) and surrounded or centered by dark defects 

(depressions/pinholes). At 200 C, these clusters show a as round shapes for sizes less than 3 nm 

and develop into a triangular-like shape for larger sizes at 300 C. Examples of triangular clusters 

can be found in Figure 4.3c,e,g. The dark pinholes/depressions usually have a depth of 7 Å or less, 

generated by missing one layer Te-Mo-Te segments (see Figure 4.3f,g) or electron depletion 

introduced by Mo vacancies. Occasionally, depressions without any nearby clusters can also be 

found on the same sample surface (see white squares in Figure 4.3c,d). The cluster and 

pinhole/depression relationship indicates the clusters originate mainly from the curling-

up/aggregation of un-dissociated particles/segments. STS has been performed on some cluster 

defects, and reveals a metallic-like behavior of those clusters due to the formation of gap states. 

Besides large structural defects, traces of Te atomic vacancies (indicated with white arrows, 

see Figure 4.3c-g) are also detectable on the zoomed-in STM images. Especially, Te atomic 

vacancies (see inset in Figure 4.3d) can exist as a monovacancy and divacancy and suggest low 

formation energy of Te vacancies. However, forming Te atomic vacancies may not necessarily 

correspond to a decreased Te/Mo atomic ratio on the sample surface. Based on our previous in situ 

XPS study of the 2H-MoTe2-to-Mo6Te6 NW transition process,15 an initial Te/Mo atomic ratio 

increment stage is present before the 400 C. The transition phenomenon is attributed to the 

complicated surface decomposition as well as the out-diffusion of the intercalated Te atoms. 
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Figure 4.3. STM images of the MoTe2 surface after 200 C and 300 C UHV annealing. Large 

scale images (200  200 nm2) of MoTe2 at (a) 200 C and (b) 300 C, respectively, imaged at Vb 

= -0.8 and It = 0.6 A. (c-g) Example of surface defects generated at 300 C obtained at Vb = +0.15 

V and It = 1.5 A. The height/depth of bright clusters (marked with blue squares)/dark depressions 

(white squares) are measured to be ~7 Å or less. An atomic resolution STM image of Te atomic 

vacancies (indicated with white arrows) are presented in the inset in panel (d). 

4.4.2 STM Characterization of Wagon Wheels  

A dramatic change in the surface morphology is immediately observed in Figure 4.4 after 

annealing the sample to 400 C for 0.5 h. When imaged at negative sample biases, the topmost 

layers (Figure 4.4a,b) are almost covered with enlarged layer-type pits and periodic motifs 

organized in a hexagonal arrangement. Meanwhile, clustering defects and the tunneling contrasts 

of the underlying intercalated Te atoms are nearly indiscernible on the entire sample surface. The 
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pits have an aerial coverage of 5-10 %, a depth of 71 Å (1 monolayer), and can reach a lateral 

dimension of ~20 nm. As suggested by the dashed lines in Figure 4.4a, the orientation (dashed 

lines) and the center-to-center distance (see solid lines) of hexagonal arrangements can change 

locally and are probably interrupted by step edges of pits, boundaries, strains, or local defects. A 

periodicity ranging from ~3-5 nm has been measured. It is also noted that Mo6Te6 NWs mainly 

generated at 450 C are occasionally visible at 400 C along the pit edges (see “streak line” 

morphologies in Figure 4.4a).  

Close examination of STM images recorded at negative sample bias (Figure 4.4c, Vb = -1 

V) and at positive sample bias (Figure 4.4d, Vb = +0.4 V), respectively, reveals that such motifs 

are actually the “axle” of a “wagon-wheel” (WW) pattern: a skewed hexagonal pattern composed 

of six pairs of twin lines (“spokes” of WW). A high-resolution STM image of such WW networks 

(Figure 4.4e) reveals that the triangular regions enclosed by the “spokes” possess the same 

hexagonal arrangement as the initial 2H phase, while the spoke has a twin-line separation of 6.21 

Å. A similar WW morphology has also been observed for MoSe2 grown on MoS2,
37-38 HOPG,39-

41 and other substrates and is also recently noted on the MBE grown MoTe2 on MoS2 with reduced 

Te flux.9, 26 The twin-line separation measured here is consistent with the observations on MoSe2 

and MoTe2 that it is close to 3a (a = 3.5 Å, the 2H-MoTe2 lattice constant).9, 41 However, this is 

the first observation of WW structures formed from a bulk 2H-MoTe2 sample, as demonstrated by 

STM. 

The sample-bias dependent morphology contrasts shown in Figure 4.4c-e demonstrate the 

contribution from localized gap states near the spoke regions. To assess the electronic 
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characteristics of the WW structure, STS measurements (Figure 4.4f) are performed at the 

triangular center and spoke regions, respectively, and directly compared with the initial 2H phase. 

As shown, the triangular center shows a rigid downward shift of ~0.12 eV with respect to the initial 

2H phase, whereas the spoke region has a similar CBM as the triangular center, but its valence 

band maximum (VBM) is upward bent towards the Fermi level due to the metallic property of the 

spoke.9, 41-42 However, with the interaction of underlying semiconducting MoTe2, it is challenging 

to uniquely resolve the metallic property of the spoke. 

 

Figure 4.4. (a) 200  170 nm2 and (b) 60  100 nm2 STM images of the MoTe2 surface after the 

400 C annealing, recorded at It = 0.6 nA and Vb = -0.8 V and -0.6 V, respectively. The topmost 

and the exposed sublayer through large pits are covered with hexagonal motifs with an irregular 

periodicity (3-5 nm) that changes locally. The depth of pits relative to the substrate is measured to 

be 71 Å. (c) 40  35 nm2 and (d) 25  20 nm2 STM images of the zoomed-in surface taken at 
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opposite sample biases showing the wagon wheel network of twin line boundaries. The (c, d) 

images are taken at Vb = -0.4 V and +0.4 V, respectively, and at It = 1 nA, (e) 10  10 nm2 atomic 

resolution of WW patterns (Vb = +0.2 V and It = 0.6 nA) showing the twin line separation of 6.21 

Å and the same trigonal atomic arrangement as the 2H phase inside the triangular region. (f) STS 

measurements on triangular center (square) and IDB (circle) and compared with that on the initial 

2H-MoTe2. 

4.4.3 TEM Characterization of Inversion Domain Boundaries 

The generation of the WW networks on MoSe2 or MoTe2 was initially interpreted as a moiré 

interference caused by lattice mismatches or rotation between two materials26, 38, 43 and was later 

demonstrated to be the result of the chalcogen vacancy induced inversion domain boundary (IDB) 

formation.9, 42, 44 Although moiré interference can be involved and change the morphology contrast 

of IDBs and the domains enclosed by IDBs,41-42 in this work, the comprehensive STM (Figure 4.4) 

and subsequent STEM study (Figure 4.5) confirms the IDB structure of the twin-lines and directly 

rules out the moiré/interference effect. First, the WW patterns shown in STM images do not have 

a long-range periodicity/orientation as a moiré interference pattern would, and moiré interference 

is not observed in the domain regions. Second, the existence of the WW morphology is 

independent of substrates, which has been confirmed in monolayer and bilayer MoTe2 (see Figure 

4.5) through the STEM imaging on a MoTe2 flake which has been flashed to 450 C for one minute 

and then quickly cooled down. 

WWs exhibit a strong pattern of irregularity. Figure 4.5a shows two WW patterns in one 

monolayer region, in which the domain sizes in the bottom WW are not identical, and the bottom 

WW would have the same axle structure as the top one, if one IDB (indicated by a yellow line) 

can translate downward by one lattice vector. To enhance the domain contrast, the Mo edge of the 

IDBs in the simulated STEM image (Figure 4.5c) are highlighted with green and red colors to 
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outline domain shapes and orientations. In Figure 4.5c, WWs of different sizes and orientations 

are observed, and this monolayer region has been tailored irregularly by continuous or 

discontinuous IDBs with W shapes, rotational (or enclosed) triangular shapes, or just kink shapes. 

This may be the reason why the periodicity and orientation of WWs change in the STM images. 

Except for the WW morphology, single triangular domain and different domain morphologies have 

also been found through the STM and STEM studies. Nevertheless, it is difficult to distinguish 

which group color represents the pristine domain or the inversion domain as each type of domain 

has comparable coverage and can be interconnected. Figure 4.5d shows a STEM image of bilayer 

MoTe2 with IDBs. The irregular patterns and the intensity difference at different atomic positions 

indicates that there are plenty of IDBs in both layers. Figure 4.5e-f show the STEM image 

simulation when a IDB is overlaid on a pristine MoTe2 and a MoTe2 with IDBs, respectively. The 

experimental result perfectly matches with the second simulation, indicating that IDBs are formed 

in both layers of MoTe2. 
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Figure 4.5. Atomic structure of IDBs on monolayer and bilayer MoTe2 after 450 C flash annealing 

for 1 min. (a) A Z-contrast STEM image of two neighboring wagon wheel (WW) patterns in 

monolayer MoTe2. (b,c) WW atomic model along with its STEM simulation image. Colored lines 

outline the domain boundaries and green circles indicate the Te single vacancies. (d) A Z-contrast 

STEM image of a bilayer MoTe2 with IDBs. (e) Atomic model and STEM image simulation of 

IDBs on a pristine monolayer MoTe2. (f) Atomic model and STEM image simulation of IDBs on 

a defective monolayer MoTe2. Scale bars: 1nm. 

 

After the 450 C spike annealing, the STEM sample is then slowly reannealed from room 

temperature to 450 C. It is found that the domain morphology can change extremely fast during 
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the reannealing process. Figure 4.6a-c shows three sequential STEM images of one monolayer 

region at 250 C, where the positions of IDBs are labeled with yellow lines to display the fast 

development of IDBs with time. These images demonstrate that IDBs can grow, migrate, and 

disappear easily at even lower temperature, thereby all the WWs morphologies observed in STM 

and STEM images are probably just intermediate states. The observations also suggest a kinetic 

process resulting in the formation and translation of WWs. 

The atomic structure of IDBs is one type of 60 IDBs containing a line of Te2 dimers 

surrounded by (four) two-fold symmetric, Mo atoms along with the zigzag directions (<11-20> 

directions) of the MoTe2 lattice. Other than the commonly suggested mirror-symmetric inversion 

domain accompanied by this type of IDBs, the inversion domain is usually shifted away from the 

mirror-symmetric positions by one lattice vector along the IDBs (see shifted blue lines along the 

IDBs in Figure 4.5c).44-45 As each Mo atom at IDBs retains six Te atoms surrounded, the local 

stoichiometry of IDBs decreases from MoTe2 to MoTe1.5 (Mo4Te6),
44-45 indicating a Te deficiency. 

Meanwhile, there is no particular mass loss along the Te2 line at the IDBs, suggesting the formation 

mechanism of this type IDBs on MoTe2 is slightly different from what is reported driven by 

chalcogen line vacancies.44, 46 Generally, chalcogen line vacancies are more favorable than random 

single vacancies at high temperatures due to the lowered formation energy.46 

Komsa et al. have shown the mobile and agglomeration of single S vacancies into line 

defects under the electron beam exposure of MoS2 in the TEM.47 However, Lin et al. also 

demonstrate the migration/growth of the same type of MoSe1.5 IDBs in MoSe2 is driven by Se 

atomic vacancy and gliding of Mo atoms.47 The latter explanation is more reasonable for the 

development/migration of IDBs in MoTe2. In Figure 4.5a-c, the displacement of Mo atoms can be 
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monitored/measured when using Te positions as the reference. To illustrate the 

gliding/displacement of Mo atoms, close-up views of the same region and the corresponding 

atomic structures are displaced at the bottom panel in Figure 4.6a-c, in which Mo atoms are colored 

differently to indicate the location of Mo atoms at different sites while the arrows show the 

displacement direction of those Mo atoms for the next frame. It seems that the movement of Mo 

atoms is a random process. This may be related to the random locations of Te vacancies and the 

characteristics of their random migrations. The latter is indicated by the appearance (and 

disappearance) of Te vacancies that are marked in the zoomed-in regions in Figure 4a-c (see green 

and red circles). Occasionally, the hopping and migration of surface Te adatoms from either the 

intercalated Te source or the pristine lattice are also observable, making the analysis of the detailed 

mechanism even more difficult. Nevertheless, it is certain that the final IDB morphology is 

unpredictable from the random migration and generation of Te vacancies during the annealing 

process. 

In this STEM study, Te vacancies are more frequently detected as single vacancies, di-

vacancies, or Te2 column vacancies rather than Te line vacancies. Further, Te deficiency will 

facilitate the formation of either Mo6Te6 NWs or MoTe2 layer-type defects (see regional pits and 

Mo6Te6 NWs in Figure 4.4a).15 Therefore, the thermal degradation of MoTe2 crystals is mainly 

caused by the low Te-Mo bonding strength itself, independent of the unexpected Te doping from 

the crystal growth process. 



 

84 

 

Figure 4.6. Z-contrast STEM images showing the fast transformation of IDBs upon reannealing at 

250 C. High resolution STEM images (bottom left) and the corresponding schematic models 

(bottom right) highlight the IDB migration driven by the gliding of Mo atoms. Arrows in the 

schematic models indicate the displacement direction of Mo atoms during the IDB migration 

process. Green/red circles suggest the relocation of the as-formed Te single vacancy/Te2 column 

vacancy (missing the top and bottom Te atoms) during the annealing process. Scale bars: 1nm. 

 

4.4.4 Influence of Vacancy on Inversion Domain Boundaries 

In section 4.4.3, we show that a domain boundary is created in 2H-MoTe2 flake if a Mo atom glides 

to its neighboring hollow site. In this section, the role of Te vacancies during the evolution of IDBs 

is identified through serial imaging of a monolayer MoTe2 with IDBs. Te vacancy induced Mo 

migration is crucial to the formation of IDBs. During the in situ annealing, the creation or 

annihilation of Te vacancies is achieved via the hopping of Te atoms on the flake. The energy 

barrier for a Mo atom to glide to its neighboring site decreases if a Te vacancy is created next to 

this Mo atom. 

To track the Te hopping and Mo migration more accurately, a faster scanning is applied 

during the image acquisition. Figure 4.7 presents the in situ observation of an IDB development. 
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The time sequence STEM images are acquired at 150 °C with a time interval of 6 s per frame 

(Figure 4.7A-E). The corresponding image simulations and the atomic models are shown in Figure 

4.7F-J and Figure 4.7K-O, respectively.  At t = 0 s, three Mo atoms, labeled by the yellow circles 

in Figure 4.7A, start to glide along the upper right direction to their neighboring hollow sites. 

Interestingly, there is a Te single vacancy (highlighted by white arrow) next to the first Mo atom, 

as a result, the gliding of this Mo atom is easier to happen. Moreover, as shown in Figure 4.7K, 

this Mo atom (in cyan color, highlighted by a yellow circle) is located at the corner where two 

IDBs meet. So it is surrounded by two Mo atoms (in blue color) from the adjacent domains. The 

distance between this Mo atom (in cyan color) and its neighboring two Mo atoms (in blue color) 

is about 2 Å, which is much smaller than the distance of Mo-Mo in 2H-MoTe2 (3.5Å). The densely 

packed environment, together with the Te vacancy next to it, forces Mo to glide toward the 

direction with less atomic concentration to reduce its energy. At t = 6 s, as shown in Figure 4.7B, 

three Mo atoms migrate to their new positions, form a flat domain boundary. Limited by the scan 

rate, we captured 3 Mo atoms migration between the two frames (with a 6 s interval). Similarly, a 

newly densely packed environment of Mo atoms is formed in Figure 4.7B. The two Mo atoms, 

highlighted by the yellow circles, tend to glide in a similar manner to their upper right directions. 

As the similar operation continues, as shown in Figure 4.7C-D, a long and flat domain boundary 

is formed (Figure 4.7E). However, the morphology of an IDB is unpredictable due to the random 

migration/generation of Te vacancies and the gliding of Mo atoms. Therefore, the development of 

IDBs in the flake is a dynamic process during the vacuum annealing. 
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Figure 4.7. Vacancy migration induced the IDB dynamics (A-E) Sequential STEM images 

showing the migration of Mo atoms and the change of IDB. (F-J) STEM image simulation 

correlating with the experimental result. (K-O) The corresponding atomic models in A-E. The 

inversion grain boundary is highlighted with the red dashed line. Mo atoms of the neighboring 

domains are labelled with blue and cyan color, respectively. The migration of Mo atoms along the 

domain boundary and their migration directions are highlighted using the yellow circles and 

yellow/red arrows, respectively. Vacancies and ad-atoms are highlighted with white and purple 

circles. 

 

4.5 Conclusions 

In summary, we investigate the thermal stability of MoTe2 and the role of excess Te that is present 

within the CVT-synthesized MoTe2 crystals. The excess Te does not affect the underlying 

crystallinity or lower the chemical stability, but only induces n-type doping of the synthesized 

MoTe2 crystals. The heating treatment can result in excess of surface/intercalated Te. However, 

the poor structural stability can also enable the desorption of the bonded Te as well. Te vacancies 
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are easily formed at a temperature as low as 200 C, and facilitate one type of 60 inversion domain 

boundaries at the 400 C, which is further intertwined as a wagon wheel morphology when the 

domain boundary intensity increases. The Te deficiency at higher temperatures leads to the 

formation of either Mo6Te6 NWs or substantial pits/holes so that it is difficult to maintain the 

hexagonal lattice structure for MoTe2.
15 Furthermore, the role of Te vacancies on the evolution of 

inversion domain boundaries is extensively investigated. The work demonstrates a particularly low 

thermal stability of MoTe2 even with an excess of Te inside. Importantly, it is also demonstrated 

that effective passivation of MoTe2 is of crucial importance in enhancing its thermal stability and 

chemical stability. 
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CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

This dissertation focuses mainly on the characterization of the defects and phase transition in 

MoTe2 flake (monolayer, bilayer, and few layers). We investigate the structural, chemical, and 

electrical properties of MoTe2 using various in situ techniques, including STM, TEM, XPS, and 

Raman. 

In Chapter 2, a flake transfer method with a low concentration of carbon residue for in situ 

heating experiment is developed. A lamella fabrication method for in situ electrical-biasing 

experiment is demonstrated. 

In Chapter 3, a novel Mo6Te6 nanowire phase transition in 2H-MoTe2 by vacuum annealing 

is extensively investigated. We first observe the 2H-NW phase transition for the few layers MoTe2 

and find out that the NWs propagate along the 2H-MoTe2 <11-20> directions when the flake is 

annealed at 450 C. Then, we explore the phase transition in monolayer and bilayer MoTe2 and 

observes a novel NW-terminated edges at 400 C. Lastly, we investigate the influence of carbon 

residue on the phase stability during the vacuum annealing and prove that a clean MoTe2 flake 

with a low concentration of carbon residue is required for the NW phase transition. 

In Chapter 4, the thermal stability of MoTe2 is comprehensively explored. Firstly, the 

structures and electronic properties of the surface defects in MoTe2 are carried out using in situ 

STM and XPS. Then, a Wagon Wheel pattern is observed in MoTe2 after 400 C vacuum annealing 

using STM. After that, the atomic structure of the Wagon Wheel pattern is characterized using in 
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situ TEM. We confirm that the Wagon Wheel pattern is the boundary of the inversion domains in 

MoTe2. The formation of inversion domains indicates the poor thermal stability of MoTe2 under 

annealing. Lastly, we observe the transformation of inversion domains using the serial STEM 

imaging and confirm the role of Te vacancies for the evolution of inversion domains. 

5.2 Future Work 

Appendices show the current ongoing work for the in situ electrical-biasing study of the phase 

transition in MoTe2 under a strong electrical field. These tasks are expected to finish soon. 

According to the previous publications, a 1T’ phase or an unknown structural transition could be 

observed. However, based on our preliminary results, the Mo6Te6 NW phase, rather than the 1T’ 

phase, was observed. It might be the result of joule-heating when a large current was applied. The 

optimization of experiment parameters, such as the selection of the proper biasing voltage and the 

issue of discharge that causes TEM lamella damage, needs to be investigated in detail. Moreover, 

the TMD/metal interface is also an interesting research topic for the electrical-biasing study. The 

influence of different interfaces between TMDs (MoS2, MoSe2, MoTe2, WSe2, etc.) and electrodes 

(Au, Cr, etc.) will be investigated.
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APPENDIX A 

PRELIMINARY RESULT OF IN SITU ELECTRICAL STUDY OF MOTE2 

A.1 Specimen preparation for in situ electrical-biasing characterization

 

Figure A.1. MoTe2 flake transfer and lamella fabrication for in situ electrical-biasing studies (A-

B) SEM image of Protochips electrical E-chips (C-D) SEM image of a MoTe2 lamella mounted 

between two electrodes. The special isolation in the lamella is carried out using FIB so that the 

electrical current can only flow along the guided direction (green arrows) to pass the Au/MoTe2/Au 

structure. 
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A.2 Electrical biasing for thin and thick MoTe2: 

 

Figure A.2. (A-C) Electrical biasing for a thin MoTe2 flake. The flake might be damaged during 

Au sputtering, resulting in the direct connection of the top and bottom Au layer. (D-F) Electrical 

biasing for a thick MoTe2 flake. (G) Mo6Te6 NWs are observed at the flake edge. (H-I) The ABF 

image at the center of the flake shows some contrast change. However, the change of MoTe2 lattice 

is not observed.  
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APPENDIX B 

STABILITY AND STRUCTURE OF NW PHASE AFTER FORMATION 

To elucidate the thermodynamic stability of Mo6Te6 NWs with multiple configurations, their 

formation energies are compared using density functional theory (DFT). The formation energy is 

normalized (eV/atom) for comparison purpose. For example, the formation energy for 

Mo6Te6_11° configuration is calculated by 
𝐸𝑀𝑜6𝑇𝑒6

(11)−6𝜇𝑀𝑜−6𝜇𝑇𝑒

12
 and the formation energy for 

Mo6Te6 with one Te intercalated atom is calculated by  
𝐸𝑀𝑜6𝑇𝑒6+𝑇𝑒−6𝜇𝑀𝑜−7𝜇𝑇𝑒

13
. They can be 

expressed as 𝐸𝑓 =
𝐸𝑀𝑜𝑇𝑒𝑥−𝜇𝑀𝑜−𝑥𝜇𝑇𝑒

1+𝑥
, where x indicates the Te/Mo stoichiometric ratio for different 

phases of molybdenum telluride (MoTex): Mo6Te6 (x=1), and Mo6Te6 NW with Te intercalation 

(x=7/6), etc. The chemical potential used in the formula is an independent parameter which is 

irrelevant with x. Its accurate value for this nonequilibrium phase transition is difficult to be 

calculated, so a rough but simple method is used instead. The total energy for Mo6Te6_11° 

configuration is selected as a reference value. For Te poor condition, the energy of bulk Mo is used 

to calculate 𝜇𝑀𝑜 and thus 𝜇𝑇𝑒 is calculated using 
𝐸𝑀𝑜6𝑇𝑒6

(11)−6𝜇𝑀𝑜

6
. While for Te rich condition, 

the energy of bulk Te is used to calculate 𝜇𝑇𝑒 and thus 𝜇𝑀𝑜 is calculated using 
𝐸𝑀𝑜6𝑇𝑒6

(11)−6𝜇𝑇𝑒

6
. 

The formation energy for each MoTex configuration under different chemical potential (i.e. Te 

poor and Te rich) has been calculated and listed in Table B.1. 
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Table B.1. The formation energy (Ef) schematic illustrations of different configurations of 

molybdenum tellurides. The formation energy is normalized to eV/atom. 

 

 
Ef(Te-poor) 

(eV/atom) 

Ef(Te-rich) 

(eV/atom) 
Configuration 

Mo6Te6-11 0.000 0.000 

 

Mo6Te6-0 0.016 0.016 

 

Mo6Te6-0-Te-octahedral 0.034 0.022 

 

Mo6Te6-0-Te-prismatic 0.041 0.028 

 

Mo6Te6-0-Te - 

octahedral + prismatic 
0.078 0.055 

 

Mo6Te6-0-Mo-octahedral 0.061 0.073 
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