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 Abstract 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are layered 

semiconductors with unique electronic and optical properties which have shown immense 

potential in ultrathin (opto-)electronic devices.1-3 Structural defects that are ubiquitous in 

2D materials have demonstrated to exert significant impacts on the materialsô properties.4-

6 The in-depth comprehension of structural defects at the atomic level is vital for the 

rational exploration of their exceptional properties, which is the objective of my DPhil 

project.  

By conducting advanced scanning transmission electron microscopy (STEM), this 

project resolves the structures and dynamics of defects with the atomic-scale clarity in 2D 

TMDs of different phases, and the use of in-situ heating holder in the STEM enables the 

direct visualization structural dynamics at elevated temperatures. The first part focuses on 

the grain boundary (GB)-involved defective structures in the typical 2H-phase MoS2/WS2 

monolayers/bilayers at the thermal condition. For the monolayers, the high-temperature 

mechanism is elucidated for the dynamics of 60Á GB-coupled large inversion domains. 

In the bilayers, the existence of dual localized GBs is demonstrated with high-temperature 

stability. This co-localization causes one layer to adopt novel dislocation cores, not found 

in monolayers, due to van der Waals strain of maintaining 2H and 3R interlayer stacking 

either side. Then, the defects and GB structures in TMDs of another significant phase, 1T 

phase, are also investigated systematically, taking the emerging1T-PtSe2 as the study object.  

The atomic structures and dynamics of point vacancies, 1D defects, GBs and dislocations 

exhibit distinct ñ1T-featureò that differs from those found in 2H-phase MoS2/WS2.  

Apart from imaging the intrinsic defects, this project also explores the controlled in-

situ structural modification methods by manipulating focused electron beam and the 

heating conditions in STEM with atomic-resolution monitoring of the process. The precise 



III  
 

controllability is demonstrated in intentionally patterning 2D nanowell arrays at bilayer 

WS2 in terms of shapes, depth and locations, using the combination of convergent beam 

and the high temperature. Besides, the phase transformation is triggered by the controlled 

in-situ heating process for promoting Se loss from few-layered PdSe2, obtaining the novel 

phase 2D Pd2Se3 monolayers. The structural defects and their beam-driven behaviours in 

Pd2Se3 are visualized, which are sharply distinguished from those in the conventional 

TMDs.  
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Chapter 1 

Introduction  

1.1 Project Aims 

This doctorate project is aimed at establishing atomic-scale understanding of the 

configurations and dynamics of the defective structures in 2D transition metal 

chalcogenides (TMDs), including the point defects, linear defects and grain boundaries 

(GBs) in the monolayered/bilayered 2H-phase MoS2/WS2, 1T-phase PtSe2, and the novel 

phase Pd2Se3, with particular interest in the in-situ structural modification and material 

phases by manipulating focused electron beam and high-temperature annealing.  

1.2 The Scope of This Thesis 

This thesis covers my DPhil research on over the past 3 years at the Department of 

Materials and Oriel College, University of Oxford. It begins with a literature review in 

Chapter 2 that summarizes the recent progress on the structural study of 2D TMDs, 

focusing on the intrinsic defects and the in-situ structural modification in TEM. It also 

gives a brief overview of the properties of 2D materials and the development of 

transmission electron microscopy technique (TEM). This is followed by the introduction 

of the methodologies in Chapter 3, comprising the CVD method for monolayer/bilayer 

TMD growth, TEM sample preparation, in-situ heating and beam patterning procedures, 

materials characterization techniques as well as the typical data analysis methods.  

My research focuses on the defective study in 2D TMDs, employing the ADF-STEM 

imaging at JEOL ARM-200F and ARM-300CF. In Chapter 4, I started with the atomic-

scale study of the grain boundary (GB), which is one of the most significant defective 
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structures, in two typical hexagonal phase TMDs, MoS2 and WS2. This includes two 

special types of GBs, the 60Á inversion domain GBs in monolayers and the tilt-angle dual 

GBs in bilayers. The first topic emphasized on the high-temperature formation and 

evolution of the 60Á inversion domain enabled by the atomic-resoluciton (S)TEM 

equipped with an in-situ heating stage, and the latter was targeted at demonstrating the 

existence of atomically sharp dual GBs in bilayer TMD systems which were stable even 

heated to high temperature of at least 700 . Efforts were put onto solving their exact 

atomic structures and understanding the growth mechanisms.  

In Chapter 5, I moved forward to develop the in-situ patterning technique at the 

atomic scale in STEM by manipulating the electron beam as a drilling tool in addition to 

making use of its imaging function in STEM. This work focused on the precise and 

controlled production of atomically thin nanowells in bilayer WS2. The in-situ 

observation at the atomic scale unveiled the exact structures of the fabricated nanowells 

and the drilling mechanisms. 

The research then switched focus on understanding the defective structures in other 

phase noble metal 2D TMDs which are less studied but are very important members in 

the 2D materials family, including 1T-phase PtSe2 and the novel phase Pd2Se3. The defect 

and GB structures of 1T-phase PtSe2 monolayers were systematically investigated in 

Chapter 6. I highlighted the featured configurations and behaviours of defects and GBs 

in the monolayer 1T phase compared to those commonly found in the 2H phase 

MoS2/WS2. Their beam-driven dynamics were tracked and analysed. In Chapter 7, a 

thermally controlled modification method was realized to obtain the new-phase Pd2Se3 

monolayers by structural transformation from few-layered PdSe2 via in-situ heating. Then 

I further explored their point defects, 1D defects and GB configurations and dynamic 

behaviours at the atomic level.  
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The final chapter gives a conclusion for the whole thesis and highlights the key 

achievements for each sub-project. An outlook of potential research directions within the 

field of structural study of 2D TMD defects is also discussed. 
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Chapter 2  

Literature Review 

2.1 Introduction 

This chapter presents a review of the research on 2D transition metal dichalcogenides 

(TMDs), with particular attention on the atomic-level studies of defect structures in 

monolayer/bilayer TMDs, and the in-situ structural modification techniques based on 

transmission electron microscopy (TEM). A brief overview will be introduced on the 

crystalline structures and properties of 2D materials, as well as the development of TEM 

for their advanced structural analysis. It will discuss the atomic configurations, beam-

driven dynamics and behaviours of different defects, as well as their effects on the 

material properties of TMDs. Apart from the intrinsic defects, the in-situ methods to 

intentionally introduce defects or structural transformation are also included.    

2.1.1 An Overview of Two-Dimensional Materials 

Layered materials can present novel physical/chemical properties that are different from 

their bulk counterparts as they are thinned to their physical limits, in which case they are 

referred to as the two-dimensional (2D) materials.7 Since 2004 when graphene was 

exfoliated for the first time,8 there has been a dramatic increase in research on a wide 

spectrum of 2D materials including transition metal dichalcogenides (TMDs, such as 

MoS2/WS2) and hexagonal boron-nitride (h-BN), realizing the 2D semiconductors and 

insulators.1,9-14 Featuring 2D morphology and ultrathin scale, 2D crystals exhibit unique 

electronic properties, and therefore hold great promise for advanced electronic 

applications̆like field effect transistors (FETs) and photodetectors.2,15-19  
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Graphene has the 2D-honeycombed structure lattice of carbon atoms with sp2 

hybridization (Figure 2.1a). It has been well-documented to show not only excellent 

mechanical strength and high transparency,20-21 but also strong resistance to high 

temperature.22 Its 2D crystalline nature with high charge carrier mobility and charge 

carrier density makes it appropriate for large area transparent conducting electrodes in 

electronics and photoelectronics. The electronic properties of graphene are unique as it is 

a zero band gap semiconductor (Figure 2.1b), which ensures its high electron mobility 

while also makes it challengeable for utilizing graphene in electronic devices (e.g. 

FETs).15,23 In the last several decades, graphene-based materials have been extensively 

investigated for a wide application in optical electronics,16 biological engineering,24 and 

energy storage materials.25-28 

 

Figure 2.1 Schematic illustration of crystal structures with atom models and band structures of 

(a) (b) graphene (top and side view), and (c) (d) MoS2 (top and side view). (b,d) Reproduced with 

permission from ref. 29 É 2014 American Chemical Society. 

 

Following graphene, semiconducting TMDs have also drawn surging research 

attention over the past few years. Their direct or indirect band gaps make them 

complementary to the zero-bandgap graphene, which show promise in various 

nanoelectronics.3,9,30-31 Synthesis of large-area monolayer/bilayer TMD films has been 

realized by chemical vapour deposition (CVD) techniques,32-45 enabling the achievement 

of reliable performances of TMDs-based devices. To be exact, 2D TMD materials are of 
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three-atom thick. As shown in Figure 2.1c, a layer of transition metal atoms are lying 

within another two layers of chalcogenide atoms, constituting a whole layer of TMD. 

Basically, TMDs of monolayer are semi-conductive with direct band gaps of around 1.0-

2.0 eV (Figure 2.1d),2 which means the TMDs can be utilized directly in electronics as 

transistors and in optics as detectors.1,46-47 At the same time, tunable, superior and unusual 

material electronic properties are of high demand in order to realize the versatile 

applications of 2D materials in next-generation novel electronics. This can be achieved 

by developing new hybrid materials by combining different types of 2D materials in 

vertical or lateral stacks, which offers massive possibilities to broaden the versatility of 

2D materials. 31,48-54  

2.1.2 Atomic-Resolution Microscopy Imaging Technology 

Owing to the ultrathin structural feature, 2D materials are ideal for the characterization 

of defects at atomic level. One of the powerful characterizing technologies is to use 

aberration-corrected TEM (AC-TEM), including phase contrast high resolution TEM and 

STEM. The resolution of TEM is one of the most significant indicators of the 

technological advancement, which has developed from ~10 nm in 1930s, to sub-

nanometre in 1960s, and lately down to even 80 pm in the cutting-edge high-resolution 

TEM.55  

Fundamental TEM resolution is limited by the wavelength of electrons which is 

adjusted by the accelerating voltage. Theoretically, increasing the accelerating voltage 

can reduce the electron wavelength which leads to higher resolution. At an early stage of 

the development of TEM technology, higher resolution was pursued by increasing the 

accelerating voltage with great efforts. In practice, the achievable resolution is normally 

lower than the theoretical resolution because the electrons are focused in imperfect ways. 
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These imperfections include spherical aberration (CS), chromatic aberration (CC) and 

astigmatism. In recent years, the progress in aberration correction and lens system 

optimization has substantially enhanced the (S)TEM resolving power to achieve sub- 

¡ngstrom resolution without the necessity of increasing to higher voltage.56-62 In 1998, 

Haider reported the first aberration-corrected images obtained by a commercial TEM.63-

64 There has been a significant improvement in resolution with 3rd-order aberration 

correction, which enabled the first sub-¡ngstrom-resolution direct imaging of single gold 

atoms at 120 keV energy.65 Greater improvements are achieved with 5th order aberration 

correction, transcending 0.5 ¡ at 300 kV accelerating voltage.66-67This is nearly reaching 

the ultimate resolution in modern microscopy techniques, but is more difficult to attain at 

low accelerating voltage. Even so, the development of 5th order correctors can still enable 

atomic resolution at low voltage. In 2008, Meyer et al. obtained the image of 1 ¡ 

resolution at 80 keV.68 In 2010, single atom substitutions in monolayer h-BN are directly 

resolved by Krivanek et al. at low voltage of 60 kV.69 With the advancements in aberration 

correction, the visualization of 2D materials with atomic resolution at a low accelerating 

voltage has become increasingly accessible. This is significantly crucial to microscopu 

studies of 2D materials because they are susceptible to the knock-on damage induced by 

electron beam and hence require TEM to be conducted at the voltages no higher than 

80kV. The achievements in modern imaging technologies have opened up extensive 

exploration of the structural defects in various 2D materials with atomic resolution.  

2.1.3 Motivation for Investigating Defects in 2D Materials 

2D materials have been offering researchers a fertile ground for harvesting novel 

properties and versatile applications. The properties of 2D materials are significantly 

influenced by their specific atomic structures and in particular the lattice imperfections 
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which are unavoidable in reality as a consequence of the second law of thermodynamics 

and are especially evident in 2D materials grown using chemical methods due to the 

imperfections of the growth process. Those defects can occur in the forms of vacancies, 

grain boundaries, edge terminations, etc, all of which can lead to tunable electronic 

structures of the materials as the altered coordination of the transition metal atoms of the 

defects can change the density of electronic states at the Fermi level.70Accordingly, the 

device performances can vary much with the existence of different structural defects. A 

typical example is that some TMD based devices show n- or p-type behaviour, deviating 

from what their perfect crystal structures without unsaturated bonds. And the tested 

typical device mobilities in experiments are below the theoretical values, which are 

supposed to be associated with the existence of structural defects. 71 Understanding how 

the materials properties are adjusted by the structural defects requires the atomic insights 

of the defective structures, which is also significant to the defect engineering of 2D 

materials for a wider range of applications. Besides, the ability to controllably produce 

large-area 2D materials is a key aspect to the development of TMDs, and the occurrence 

of defects during growth plays a significant role in a larger polycrystalline film developed 

from seed nuclei. The unambiguous knowledge of the atomic defects of the as-grown 2D 

materials can in turn offer guidance for the designing and optimizing the growth methods. 

Motivated by these factors, this thesis focuses on the atomic-level investigation defective 

structures with the help of advanced microscopy imaging techniques.  

2.2 Structures and Properties of TMDs 

TMDs are often generalized in a formula of MX2 with M as a transition metal element 

and X as a chalcogen (S, Se, Te). They can exist in several crystalline phases derived from 

different coordination of the M atoms.  
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Figure 2.2 (a) A table of layered TMDs, organized based on the transition metal element involved, 

summarizing their existing structural phases and observed electronic phases. (b,c) Atomic models 

of (b) 2H and (c) 1T phase monolayer TMD. The metal and chalcogen atoms are represented by 

pink and yellow spheres, respectively. (d,e) ADF-STEM images taken from (c) 2H-phase MoS2, 

and (d) 1T-phase PtSe2. (a) Reproduced with permission from ref.3 É 2017 Nature Publishing 

Group. (b,c) Reproduced with permission from ref.72 É 2013 Nature Publishing Group. 

 

Figure 2.2a summarized the existing structural phases for the TMDs composed of a 

variety of metal elements from group 4 to 10 in the periodic table, ranging from insulating 

(e.g. HfS2), semiconducting (e.g. 2H-MoS2), to metallic phases (e.g. TiSe2). Two of the 

most common phases for the currently known TMDs are the 2H phase with trigonal 

prismatic coordination and the 1T phase with octahedral coordination of the metal atoms. 

Their crystal structures are shown in Figure 2.2b,c. The different phases can be 

distinguished by atomic-resolution ADF-STEM imaging. Figure 2.2d,e present the 

typical ADF-STEM images obtained from the 2H-MoS2 and 1T-PtSe2 monolayers, 

comparing their different contrast features. There are two contrast columns in the 2H-

MoS2 in a honeycomb unit, contributed by Mo and 2S respectively (Figure 2.2d), while 
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the 1T-PtSe2 have three contrast columns in a rhombus unit, Pt, Se, and the other Se 

(Figure 2.2e). The group VI metal (Mo, W) TMDs with S, Se chalcogenides are 

thermodynamically stabilized as the semiconducting 2H phase, while can also have 

metallic 1T phase with a higher energy.73-77 The two phases, 2H and 1T, can be 

transformed mutually by sliding one layer of S atoms across, giving the overlapped or 

split positions of the S positions. In experimental work, the approach of alkali metals 

intercalation was used to trigger the transition from 2H to 1T phase.78-80 A potassium (K)-

assisted CVD method was designed for the phase-selective growth of 1Tǋ MoS2 

monolayers and 1Tǋ/2H heterophase bilayers.81 

 

Figure 2.3 (a) 3D perspective atomic model showing monolayer 2H MoS2 (central shaded area) 

with two types of bilayer stacking. Left side is 3R AB stacking from translation shift. Right side 

is 2H AAô stacking from 60o rotation. (b) ADF-STEM images taken of 3R stacked MoS2 bilayer 

(left) and 2H stacked MoS2 bilayer (right). (c) ADF-STEM image of monolayer-bilayer interface 

in MoS2 with 3R stacking. (d) ADF-STEM image of monolayer-bilayer interface in MoS2 with 

2H stacking. 

 

For the bilayer TMDs, there are numbers of stacking orders between the two adjacent 

layers, among which the two most energetically favourable polymorphs are the 2H and 

3R configurations (Figure 2.3a), with the space groups of P63/mmc and R3m, respectively. 

Here, the letters of 2H and 3R represents the crystal symmetry of hexagonal and 

rhombohedral, respectively, and the digits means layer numbers in each unit cell. 

Different stackings can be distinguished by using ADF-STEM as a direct and 
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unambiguous characterization tool. The Z-contrast ADF-STEM images obtained to 

differentiate various configurations of bilayer MoS2 are shown in Figure 2.3b-d. Apart 

from modifying the crystal symmetry, these different stacking sequences can also alter 

the physical properties of TMDs including bandgaps, phonon vibration, and magnetism.82 

A recent study found that the twisted 2H or 3R stacked TMD bilayers with twist angles 

ɗ <3Á showed qualitatively diverse physical properties prescribed by the lack of inversion 

symmetry in the constituent layers.83  

The variety of 2D layered TMDs have developed as a large family of atomically thin 

semiconductors with variable electronic structures (Figure 2.4).  It has been maintained 

that the multiplicity of electronic properties of bulk layered TMDs is primarily attributed 

to the different filling states of the non-bonding d bands of transition metals. Bulk TMDs 

are metallic when their non-bonding d orbitals are partially occupied, and those with fully 

occupied non-bonding d orbitals exhibit semiconducting properties.72 Their band 

structures can also vary with the configuration difference on the crystal unit cell. Taking 

MoS2 for example, the degeneracy of the electronic structure at the K(Kô) point in the 

Brillouin zone has been eliminated because of the two different lattice points of Mo and 

two overlapped S atoms, thus opening up an bandgap in the bulk MoS2.
84 Notably, TMDs 

presents tunable bandgaps with the change of layer numbers because of the quantum 

confinement effect and interlayer interaction.85-87 As shown in Figure 2.4a, as the layers 

of MoS2 decrease, the lowest conduction band near the ũ point moves upward, while the 

conduction band at the K point scarcely shifts, which can make the MoS2 transit from an 

indirect band gap in bulk crystals to a direct band gap in the monolayer. Similar to MoS2, 

the layer-dependent band features are also seen in many 2D-TMDs. The relative valence 

and conduction band edge of some common monolayer TMDs are displayed in Figure 

2.4b. The bandgaps in most semiconducting TMDs are comparable to the 1.1 eV bandgap 
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in silicon, which make them appropriate for in digital transistor applications. Besides, the 

transition to a direct bandgap in the monolayer form enables extensive application 

potentials in variety of (opto-)electronic devices. 

 

Figure 2.4 (a) Calculated MoS2 band structures, corresponding to bulk, quadrilayer (4L), bilayer 

(2L) and monolayer MoS2, with the figures from left to right. (b) The valence and conduction 

band edge of some typical monolayer TMDs. Reproduced with permission from ref.86 É 2010 

American Chemical Society and ref.88 É 2013 American Institute of Physics, respectively. 

 

2.3 Intrinsic Defects in TMDs 

The fast-developing modern aberration corrected TEM and STEM technologies make it 

feasible to characterize the atomic defects and record their dynamics in 2D materials. 

There have been numerous reports regarding various structural defects in graphene, 

including point defects, partial dislocations, grain boundaries (GBs), edges, and sub-

nanometre pores, as well as their influence on the mechanical, optical, thermal, and 

electrical properties.89-103 In comparison with graphene which only contains one elements 

and one atomic layer thickness, the types of defects in TMDs could be more diverse as 

they own two elements, more atom layers, and more complex configurations. Their 

intrinsic defects include the point vacancies, GBs, edges, etc. In this part, I will review 

the reported defects that have been visualized experimentally, which will be sorted from 

zero-dimensional (point defects) to one-dimensional (line defects), GBs and dislocations, 

and edge terminations. These structural defects have been demonstrated to have 
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noteworthy influences on the band structures, magnetic, electrical or optical performances, 

further extending the applications of TMDs. 

Note that there are many notations used to describe different types of defects and 

grain boundaries. In this thesis, for vacancies, VS and VMo denotes sulphur vacancies and 

Mo vacancies, respectively, and the GB dislocation cores are described using the 

symmetry fold in the atom loops in the dislocations, with the symbol ó|ô between the 

numbers meaning the connection of the atom rings. For example, the ó4|6ô dislocation 

core means it is composed of rhomb-hexagon fold rings.  

2.3.1 Point Defects 

Point defects are frequently found in 2D crystals. It has been manifested in graphene that 

there exists a great variety of defects in the 2D lattice with different combinations. 

Therefore, this part only focuses on the simplest intrinsic defects when the crystal 

structure is perturbed without the presence of foreign atoms. 

Utilizing the combination of direct atomic resolution imaging and first-principle 

calculations, various vacancies and antisite defects can be identified. Different types of 

point defects has been found in monolayer MoS2, including sulphur vacancies 

(monosulphur vacancies VS, and disulphur vacancies VS2), Mo vacancies VMo, complex 

vacancies (VMoS3, VMoS6) and antisite defects (with Mo atoms substituting S atoms, 

namely Mos, MoS2, or with S atoms occupying the site of Mo, namely SMo, S2Mo). Atomic 

resolution ADF images of various point defects including VS, VS2, MoS2, VMoS3, VMoS6, 

and S2Mo reported by Zhou et al. are presented in Figure 2.5a,104 with their corresponding 

atomic models displayed in Figure 2.5b which have been optimized from DFT 

calculations and are in qualitative agreement with the experimental STEM images. Pure 

Mo vacancies were not observed in isolation as they usually formed complexes with S 
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vacancies. The 3-fold symmetry was still preserved in most of the defect structures.  

 

Figure 2.5 Point defects of monolayer 2H-phase TMDs. (a) ADF-STEM images of various point 

defects in monolayer MoS2 and (b) corresponding DFT-fully-relaxed atomic models, showing VS, 

VS2, MoS2, VMoS3, VMoS6, and S2Mo, from top left to bottom right. (c)  ADF-STEM image of trefoil 

defects at monolayer WSe2 at 500ÁC, with (d) schematic model showing the formation mechanism 

by bond rotation. (e) ADF-STEM image of self-limiting nanopore (SLP) in WS2 at 500ÁC, with 

atomic model in (f) and multislice image simulation in (g). (h) ADF-STEM image showing large 

area of WS2 with single SLP. (a,b) Reproduced with permission from ref.104 É 2013 American 

Chemical Society. (c,d) Reproduced with permission from ref.105 É 2015 Nature Publishing 

Group. (e-h) Reproduced with permission from ref.106 É 2018 American Chemical Society 

 

The predominant intrinsic defects in MoS2 were reported by Hong et al. to be 

affected by the material growth methods, where mechanical exfoliation, and physical or 

chemical vapour deposition (PVD or CVD) were evaluated.107 High defect density was 

found in these synthetic monolayer MoS2, in which sulphur vacancy dominated the 
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defects in the mechanical exfoliation and CVD samples, while the principal defect 

category was Mo antisites in PVD samples. Their observed antisite defects were believed 

to be native rather than caused by electron beam. The in-situ STEM experiment indicated 

the Mo adatoms were highly mobile. The results from DFT calculation and electric 

transport measurement demonstrated that minimizing point defects, especially antisites, 

was vital for electric transport applications, while the antisites controllably brought in 

could generate local magnetic moments. 

Bond rotations are abundantly found in graphene to form defects without losing 

atoms,94-95,98,108-109 which help stabilize the vacancies and are important in the dynamics 

of vacancy migration. Different from the Stone-Wales rotation in graphene with a 90Á in-

plane C-C rotation, bond rotations in monolayer TMDs involves three dimensional 

process and are much less common due to the bi-element feature of the bonds between 

metals and chalcogenide atoms. Lin et al. found a type of trefoil-like point defect 

contributed by bond rotation in monolayer WSe2 at 500 ÁC, as displayed in Figure 2.5c,d,  

where the metal-chalcogen bonds rotated by 60Á to produce the defect.105 Although this 

has demonstrated the existence of that bond rotations in the 2D TMDs, the common 

observation throughout the TMD systems has been restricted. The visualization of such 

bond-rotation defects in Mo-based TMDs is rare, for example, never in MoS2 to date. As 

the vacancy stability is related to temperature, the reported bond rotation in TMDs is often 

observed at high temperature. Note that the stable W-W bonding occurs in the defects 

after bond rotation, and this kind of W-W bond also enables self-limiting nanopores to 

form during S loss at high temperature (Figure 2.5e-h).106   
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Figure 2.6 Point defects of ultrathin 1T-phase PtSe2 characterized by scanning tunneling 

microscopy (STM). Top panel: empty-state images. Middle panel: filled-state images. Bottom 

panel: Top and side view of the models of each type of defects shown in the top and middle panels. 

The scale bars: 0.5 nm. Reproduced with permission from ref. 110 É 2019 IOP Publishing Ltd. 

 

Many of the experimental investigations have focused on the 2H-phase TMDs, while 

with regard to the point defects in the 1T-phase TMD monolayers, much less reports have 

presented experimental characterizations especially at the atomic level, mainly due to the 

difficulty in obtaining the high-quality monolayer samples, as well as the beam sensitivity 

of many 1T-phase TMDs when thinned to monolayers. There are some theoretical studies 

calculating the stability and properties of the point defects in 1T-TMDs. First-principles 

calculations by Zhang et al. suggested that the S adatoms, S vacancies, and the V adatoms 

can stably exist in 1T-phase VS2, and introducing those point defects onto VS2 basal 

planes can enhance hydrogen evolution reaction (HER) of the materials.111 Ali et al. 

calculated the point vacancies in the semiconducting 1T-SnSe2 monolayer, and proposed 

that that single Sn vacancy can bring about half-metal property, and can also induce 

magnetic ground states.112 Gao et al. predicted the structure, stability, and kinetics of both 

Pt and Se vacancies in monolayer 1T-PtSe2 by first-principles study, and suggested that 

the single vacancies for either Pt or Se prefer to combine to form double vacancies 
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energetically.113 For the experimental characterization, several types of point defects have 

been visualized in the ultrathin 1T-PtSe2 in the scanning tunneling microscopy (STM) 

work by Zheng et al. although not from the monolayer sample, as shown in Figure 2.6, 

which are Pt vacancies, Se vacancies in the topmost layer, and Se antisites at Pt sites 

within the topmost layer. Their calculation shows that the Se antisite defects have the 

lowest formation energy in a Se-rich growth condition. 

2.3.2 One-Dimensional Defects 

Chalcogen vacancy lines can be regarded as the most frequently observed one-

dimensional defects in TMDs. When an increasing number of S vacancies are created 

under continuous electron beam irradiation in TEM/STEM imaging, line defects are 

generated with the migration and aggregation of single S vacancies. For a S vacancy 

migrating to the adjacent site, the calculated energy barrier of 2.0 eV is too high for 

spontaneous diffusion at ambient temperature.114 However, it has been noticed that with 

the prolonged irradiation of the electrons in TEM, S vacancies migrate slowly with a 

diffusion coefficient of 3.8 Ĭ 10ī18 ὧά2/ί. They tend to migrate in short distances and 

form several line defects simultaneously (Figure 2.7a-b).  

Wang et al. reported various types of SVLs structures (Figure 2.7c-f) 115.The 

simplest S line vacancy is single S line vacancy (1SVL), composed of a single line of S 

vacancies with out-of-plane distortion as predicted by DFT calculation (Figure 2.7c,e). 

These SVLs can increase in both length and width. When increasing in width, broader 

SVLs with more than one parallel lines of S vacancies are formed, like the two S line 

vacancies (2SVLs) in Figure 2.7d,f, and the three sulphur line vacancy (3SLV) is shown 

in Figure 2.7g,h. It is suggested that the multi-SVLs have staggered up and down to 

stabilize the system and reduce buckling. As the length increases, the compression of 
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lattice occurs due to the missing S atoms, which gives rise to the compressive strain in 

the x (perpendicular) to the line vacancy direction (Figure 2.7i,j). As the SVLs propagate 

along the three zigzag directions with the angle of 120Á, they are highly likely to 

encounter each other. Ryu et al. have observed the interactions among several SVLs, with 

a pore being opened and enlarged at the interacting point.116  

 

Figure 2.7 Sulphur vacancy lines (SVLs) in monolayer MoS2. (a,b) TEM images showing the 

creation of SVLs under 80 keV electron beam at (a) initial point, (b) 220 s. SV: single line vacancy 

(1SVL); DV: double line vacancy (2SVL). (e-f) False-colour AC-TEM images and corresponding 

DFT relaxed models of MoS2 with different SVLs: (c,e) 1SVL; (d,f) 2SVL; (g,h) three sulphur 

line vacancy (3SLV). (i,j) Displacement maps across the 1SLV for x and y directions respectively. 

Scale bar: 0.5 nm. (a,b) Reproduced with permission from ref.114 É 2013 American Physical 

Society.  (c-j) Reproduced with permission from ref.115 É 2016 American Chemical Society.  

 

The SVLs have a different stoichiometry locally, thus are supposed to present altered 
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electronic band structures. It has been predicted that the band structure changes within 

these line vacancies as a function of their width, gradually shifting from the pristine 

semiconducting to metallic. The band gap decreases gradually from 1.7 eV in pristine 

MoS2 to 0.047 eV in 3SVL, and metallic properties are shown in the 4SVL structure.
115 

In this regard, large linear vacancy clusters may be able to bring about complex transport 

behaviour by acting as metallic channels in the semiconducting MoS2 material. 
118 

2.3.3 Grain Boundaries and Dislocations 

Grain boundaries (GBs) in 2D materials are formed between two grains with orientation 

variation and are demonstrated to be stitched together with the atomic bonding, which 

can exert vital influences to the physical/chemical properties of the materials.119-133 CVD-

grown TMDs are often polycrystalline, and two differently oriented single crystals can 

merge during the growth (Figure 2.8 a-d), producing different types of GBs. 

The GBs in MoS2 monolayers can be divided by two categories, small-angle GBs 

and mirror twin GBs (MTBs, also called 60Á GBs). Their effects on the material properties 

vary with the GB structures. The MTBs caused slight increase in the electrical 

conductivity but small-angle tilt GBs led to the reverse effect.134 Tilt GBs introduced 

degraded electrical characteristics and n-type doping in MoS2, while MTBs did not show 

these effects.135 Apart from the transport properties, GBs can also influence the 

electroluminescence (EL) of WS2.
136 Strong photoluminescence quenching was caused 

by MTBs in MoS2 whereas tilt GBs led to substantial enhancement.
134 Some other distinct 

features of GBs are also being discovered, for example, preferential oxidation at GBs,137 

vulnerable to produce nanopores,138 and serving as the seeding sites of Pt nanoclusters.139 

Atomic study on these GBs can facilitate tailoring the TMD properties.  
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Figure 2.8 GBs in monolayer MoS2 and WS2. (a) Bright-field TEM (BF-TEM) image of two 

triangles that have grown together. Inset is the diffraction pattern. (b) Colour-coded overlay of 

dark field TEM (DF-TEM) images. (c) BF-TEM image of irregular-shape MoS2 domains, with 

the diffraction pattern inset. (d) Coloured DF-TEM image with the colours correspond to the 

orientations. (e,f) High-resolution ADF-STEM images and (g) atomic model of a MTB. (h,i) ADF 

image of a 4|4P 60Á GB. (j) Schematic structure of the GB and GB kinks as shown in h. (k) ADF 

image and overlaid structural model of a 4|4E type 60Á GB. (l) Relaxed structure for 4|8 GB, 

representing a 4|4P GB with the highest kink density. (m) ADF image of an 18.5Á GB with a row 

of dislocation cores highlighted in green lines. (n) Low-magnification and (o) high-magnification 

ADF-STEM images of a GB between 2H and 1T phase WS2 domains formed during CVD growth. 

(a-g) Reproduced with permission from ref.134 É 2013 Nature Publishing Group. (h-m) 

Reproduced with permission from ref.104 É 2013 American Chemical Society. (n,o) Reproduced 

with permission from ref.140 É 2018 American Chemical Society. 
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Figure 2.9 GBs in bilayer TMDs. (a) ADF-STEM image of AAô stacked triangular domains 

stitching to AB stacked regions in bilayer MoS2. (b) Scheme of the boundary structure derived 

from DFT calculations. (c) Experimental ADF-STEM image at a stacking boundary compared to 

the simulated image of the atomic model in (b). (d) Scheme of domain boundary nucleation and 

domain growth, starting from a pristine, strained AB-stacked bilayer. (e) Diverse atomic structure 

of bilayer domains with inversion-domain boundaries in MoSe2. (f) Experimental ADF-STEM 

images of monolayer 1H MoSe2 with one mirror twin boundary (1 MTB), bilayer MoSe2-1 MTB, 

and bilayer MoSe2-2 MTB films, from left to right with (g) corresponding simulated images with 

overlaid DFT-optimized atomic models, and (h) strain analysis on component ὑxx. (i,j) DFT-

optimized atomic models of (i) a monolayer MoSe2-1 MTB film and (j) a monolayer 1H MoSe2 

film. (k) Simulated image of the unstrained bilayer MoSe2-1 MTB by manually stacking (i) and 

(j) without DFT relaxation. (a-d) Reproduced with permission from ref.141 É 2017 American 

Chemical Society. (e) Reproduced with permission from ref.142 É 2017 American Chemical 

Society. (f-k) Reproduced with permission from ref.143 É 2018 American Chemical Society. 
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The atomic structures of GBs can vary much with the intersecting angle of the two 

grains. The extended GBs in 2D materials are generally connected by chains of 

dislocation cores.121,144-146 Several GB dislocation structures, including 4|4 (rhomb-

rhomb), 4|6 (rhomb-hexagon), 4|8 (square-octagon), and 6|8 (hexagon-octagon) fold rings 

have been predicted in monolayer MoS2 by first principles theory.
147 For the small angle 

GBs, due to the diversity in the coordination manner between Mo and S atoms, the 

complicated GB configurations, such as a recurring 8|4|4 motif, can be formed (Figure 

2.8 e-g).134 Linearly-aligned dislocation cores composed of 5|7 rings, 6|8 rings, 4|6 rings 

are also observed, for example, in the 18.5Á tilt angle GB in Figure 2.8 m.104,145 Similar 

structures have also been observed in WS2 GB dislocation cores which exhibit series of 

electron-beam driven dynamics.148  

Mirror twin GBs are the mirror-symmetric 60Á GBs, which appear between two 

grains twisted by integer multiples of 60Á.149-150 Two kinds of mirror twin GBs consisting 

of 4-fold rings linear dislocation cores have been directly visualized by Zhou et al. using 

STEM, with either point sharing (4|4P) or edge sharing (4|4E), as displays in Figure 2.8i,k, 

respectively. The 4|4P GB may serve as a metallic wire embedded in the semiconducting 

MoS2 lattice according to the first principle calculation.
147 These 60Á GBs are not always 

straight lines along the zig-zag direction, but has steps along the armchair with kinks of 

the 8-member rings (Figure 2.8 j, l). The 4-8-member dislocation rings are also found to 

connect to be the anti-phase GB between 2H and 1T phase WS2 domains, which 

intrinsically grow during CVD synthesis.140 Combining 4-8 rings, the GB can appear as 

any angle at the nano-microscale level, while staying consistent with zig-zag directions 

at the atomic level with armchair joined step-wise developments.  

GBs for bilayer TMDs are more complicated compared with monolayer system. The 

commonly observed intrinsic GBs in synthetic bilayer TMDs samples are the overlapping 
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GBs in one of the two stacked layers.143,151 When two monolayers of TMD containing 

GB themselves are stacked together, the randomly appearing GB in each layer provide 

more possibility for modulating stacking geometry which are correlated to the electronic, 

optical, or mechanical properties of bilayer TMDs. Yan et al. utilized the thermal 

stimulation and electron irradiation to create nanoscale stacking boundaries in bilayer 

MoS2 that separated domains with different inversion symmetries (Figure 2.9a-d). 141 An 

atomically sharp stacking boundaries were observed between two differently stacked 

domains AB and AAô( Figure 2.9a). The GB structure was stabilized by having a T-phase-

like structure based on DFT calculations (Figure 2.9b,c). They found that there were 

highly localized metallic states at the stacking boundaries. For the GB in as-prepared 

bilayer TMDs sample, Hong et al. introduced inversion-domain GBs into molecular-

beam-epitaxy grown MoSe2 homobilayers, inducing the diversity of large-area and 

uniform stacking sequences (Figure 2.9e).142 These multifarious stacking sequences have 

proved to produce stacking-dependent bandgaps and valence band tail states. Besides, 

interlayer-induced strain variation in the MTB of bilayer TMDs were found by Zhao et 

al. (Figure 2.9f-h). 143 The MTB modifies the interlayer vdW coupling in bilayer films, 

developing local strain for a few nanometers near the MTB (Figure 2.9h), which should 

impact the local conductance and thermoelectric properties.152-153 Figure 2.9i-k illustrate 

that to form the 2H|3R stacking across the MTB, the monolayer containing MTB must be 

strained. The understanding of interlayer interactions in the presence of MTBs can 

hopefully afford alternative routes for strain engineering of layered structures. 

2.3.4 Edge Terminations 

Edge terminations of 2D materials have been explored extensively with predicted metallic 

states that cross the bulk energy gap along MoS2 or WS2 zigzag edges.
154 Novel electronic, 
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magnetic, optical, and catalytic properties can present at the edge structures of TMDs.155-

162 Distinct magnetic and electronic properties are predicted for zig-zag edge and armchair 

edge: zigzag edges show the ferromagnetic and metallic behaviour, while armchair edges 

are nonmagnetic and semiconducting.162-163 Intense PL emissions and preferential 

formation of biexcitons were found to be around the edges of individual WS2 grains 

attributed to larger population of charge carriers.127 Besides, the structural discontinuity 

at the edges of TMDs presents a unique chemical reactivity, like the high catalytic activity 

in the hydrogen evolution reaction (HER).158,164-165 Precise recognition of the edge 

structures at the atomic level is the key to the realization of promising application of TMD 

nanoribbons in the devices of nanoelectronics, HER, etc.  

A number of theoretical studies have indicated an energetic preference for zigzag 

terminations of MoS2.
154,160,166 The two elemental nature of TMDs determines two zigzag 

edges: S-zigzag and metal-zigzag, with different energetics and stability. Depending on 

the chemical potential of the constituent atoms during growth, the metal-zigzag or S-

zigzag edges can be further terminated by S or metal atoms with reconstructions.159 The 

regular Mo-edge with bare Mo termination, and the reconstructed edge containing 50% 

of S vacancies were observed by Zhou and co-workers.104 That reconstructed Mo-rich 

edge can be normally formed under either Mo-rich or S-deficient conditions, while the 

presence of adatoms near the edge indicate it is the Mo-rich environment. For their 

electronic structure, in contrast to the bare Mo-terminated edge which has been shown to 

have a ferromagnetic ground state,162 the Mo magnetic moments are quenched in that 

reconstructed Mo edges, while the metallic behaviour of the edge is still well-

preserved.104 
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Figure 2.10 Edge termination structures of monolayer MoS2. (a,b) ADF-STEM images of a Mo 

edge and Mo-replaced S edge at high temperature of 800 C. (c) The atomic model of a Mo edge 

calculated using DFT and (d) corresponding image simulation. (e) DFT model of a Mo-replaced 

S edge and (f) corresponding image simulation. (g) ADF-STEM images showing the distorted 1T 

(DT) edge, Mo-Klein, S-zigzag (S-ZZ), and Mo-zigzag (Mo-ZZ) edges, and (h) corresponding 

simulated images with overlaid DFT atomic structures. (a-f) Reproduced with permission from 

ref.167 É 2017 American Chemical Society. (g,h) Reproduced with permission from ref.168 É 2018 

American Chemical Society.  

 

A recent work reported atomically flat zigzag edges in MoS2 when heated above 

500oC, using high temperature in-situ TEM heating holder (Figure 2.10 a,b),167 unlike the 

typical terraced step edges at room temperature of the CVD-grown samples. Two distinct 

zigzag terminations were seen at the edge with different contrast patterns. The S depletion 
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caused the reconstruction of the S terminated zigzag edges to be double Mo terminated 

(Figure 2.10e,f). Electron beam irradiation led to the formation of constrictions in MoS2 

at 800ÜC, making it highly faceted along the zigzag direction. The progressive narrowing 

resulted in ribbons that were 1nm in width adopting the Mo-rich terminations. DFT 

calculations predicted interesting spin dependent properties for these nanoribbons. A type 

of reconstructed Mo-terminated edge, namely, a distorted 1T (DT) edge, as well as a Mo-

Klein edge were found in a nano-porous MoS2 films grown by molecular beam epitaxy 

under high Mo flux.168 There are four main edges, Mo-zigzag, DT, Mo-Klein, and S-

zigzag, as shown in Figure 2.10g,h, distributed with population percentages from the 

highest to lowest, indicating the predominance of Mo-terminated edges. Their calculation 

suggested that the DT, Klein, and Mo-zigzag were mostly Mo-terminated under Mo-rich 

synthesis conditions. The calculated spatially resolved spin densities showed that the 

magnetic moment was confined to the edge region.  

2.4 In-Situ Structural Modifications of 2D TMDs in TEM 

2.4.1 Electron Beam Induced Structural Change 

The interaction between the high-energy electron beam and the atomically thin 2D 

materials offers massive possibilities of their structural changes. Before concretely 

reviewing diverse in-situ structural changes in 2D TMDs induced by beam, here discuss 

the effects of the beam radiation on the samples in general. During (S)TEM imaging, 

multiple damage mechanisms can occur simultaneously, associated with both the 

microscope conýguration and the nature of the materials. Basically, when electrons pass 

through materials, energy can be either elastically or inelastically transferred to the atoms, 

which gives rise to the two main types of radiation damage, namely ñknock-onò damage 

(the displacement of atoms from their original positions in the lattice), and radiolysis.169-
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170 In an elastic collision, the incident beam is scattered by the Coulomb force with the 

atom nuclei, which process involves no loss of the total kinetic energy. For the high-angle 

elastic scattering, the energy transfer from the incident beam can be signiýcant and lead 

to atom displacement when the transferred energy exceeds the displacement energy 

threshold of a sample atom. This displacement energy is determined by the bond strength, 

the atomic number and the crystal orientation of the sample itself, while the transferred 

energy increases with the acceleration voltage and decreases with the Z atomic number 

of the recoil atom.169,171 Thus the knock-on damage can be mitigated by lowering the 

accelerating voltage of the beam in (S)TEM. As for the inelastic scattering process, the 

incident electron interacts with the electrons of the target atom, resulting in radiolysis 

damage by the ionisation effect, which is often the dominant mechanism in insulators, 

semiconductors and the organic specimen, and is difficult to avoid. This damage process 

generally involves two steps: electron excitation and bond recovery, independent of the 

beam accelerating voltage, and there is no sharp threshold below which no damage occurs, 

although it can be eased by cooling the specimen. 170 At lower energy beam irradiation, 

radiolysis is expected to become more dominant, as the larger inelastic interaction cross-

section allows for a larger number of radiolysis caused secondary electrons. Other 

resulted effects of inelastic scattering can also include electrostatic charging and specimen 

heating, which mainly happen in less thermal and electrical conducting materials like h-

BN. The inelastic damage mechanism in metallic materials such as graphene, is virtually 

irrelevant due to the rapid electron-hole recombination.169  

For the semiconducting TMDs, it is likely that both knock-on and ionization damage 

mechanisms can occur in (S)TEM observation. The displacement threshold for chalcogen 

atoms in the typical monolayer MoX2 (X= chalcogens, S/Se) is calculated to be ~ 6.5 eV, 

which is approximately achievable by the knock-on energy transferred from  80 keV 
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electrons (~6.0 eV), thus the chalcogen vacancies can generate frequently during TEM 

imaging at 80 kV accelerating voltage mainly caused by the knock-on effect.172-174 Some 

reports have demonstrated the use of graphene encapsulation could be an effective way 

to improve the stability of 2D materials under the beam exposure.172,175-177 Transition 

metal vacancies are much less often observed at 80 kV, like the Mo vacancies, as the 

energy transferred to Mo atoms (~2.0 eV) is far below the threshold for sputtering them 

(~13.9 eV).173 It is notable that the chalcogens can be sputtered more easily from the edge 

as the displacement threshold is calculated to be as low as 4.2 eV, which can be overcome 

by the electron beam of 60 keV.174 At lower accelerating voltages (for example, 60 keV 

electron beam which can transfer up to 4.3 eV to S atoms), the chalcogen vacancies can 

also occur through more complex mechanisms, such as chemical etching effects and 

valence ionization from inelastic excitations.174,178-180 The significant roles of ionization 

in defect generation in MoS2 was validated by a study on the defect production in MoS2-

/graphene heterostructures.175 Inelastic scattering leads to not only electrostatic repulsion 

producing vacancies, but also lowers the knock-on threshold by electronic excitations as 

suggested by theory and experiment.178 On the other hand, chemical etching also plays 

important role in defect creation in 2D TMDs, where the electrons break down residual 

impurities such as oxygen molecules in the vacuum chamber, forming radicals in turn that 

react with the materials surface and cause atomic loss.172,174 These studies suggest that 

the mechanisms of vacancy generation  in 2D TMDs below the knock-on threshold may 

involve the combined effect of valence ionization and chemical etching,  although the 

precise understanding of the actual channels still needs to be elucidated and quantified in 

theory and experiment.   
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Figure 2.11 Electron beam induced local embedded anti-phase domains with GBs in monolayer 

TMDs. (a) Beam-induced inversion domain within MoSe2 monolayer with (b) 4|4P GB (c) 4|4E 

GB. Scale bar: 0.5nm. (d-f) Time series showing the nucleation of the inversion domain. (g-j) 

ADF-STEM images showing step-by-step transition from 2H to 1T phase domain in monolayer 

MoS2 at 600 ÁC. (k-n) Corresponding schematic illustrations. (o-q) Atomic models demonstrating 

the atomic movement. (a-f) Reproduced with permission from ref.181 É 2015 American Chemical 

Society. (g-q) Reproduced with permission from ref.182 É 2014 Nature Publishing Group.  
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Chalcogen vacancies are frequently produced when illuminated by electron beam 

even at low accelerating voltage of 60kV, which often initiate many of the subsequent 

structural transformations of TMDs with the increase of electron dose rate. The structural 

evolution mechanisms often involve the migration of vacancies, displacement of atoms, 

bond breaking and re-generating, charge re-distribution, lattice distortion, change of 

crystallinity, and adjustment of strain fields, etc. The combination of these effects gives 

rise to a variety of electron-beam driven structural changes, such as nanopores, holes, 

nanoribons, nanowires, cracks with sharp edges, recrystallization, as well as the in-situ 

repair of the defects.106,173,183-189 

The electron beam irradiation at 80kV can trigger the formation of anti-phase 

triangular domains embedded in TMD monolayers. Two types of triangular domains have 

been discovered to be implanted in the 2H-TMDs: inversion domain and 1T phase domain. 

An inversion domain is a domain of mirror symmetry with the original lattice and have 

the lattice rotation by 60Á. Lin et al.181 found that the 4|4P and 4|4E 60Á GBs in monolayer 

MoSe2 could be artificially produced by either the electron beam irradiation or thermal 

annealing, generating inversion domains inside the pristine MoSe2 lattice (Figure 2.11a-

c). They argued that the nucleation of the inversion domains and migration of the 60Á GBs 

were driven by the collective Se vacancies and subsequent displacement of Mo atoms. 

Similar nucleation and growth mechanism of the inversion domain was also proposed by 

Lehtinen et al.132 The other triangular domain, metallic 1T-phase domain, was formed 

from semiconducting 2H-phase MoS2 by local phase transition by Lin et al. with in-situ 

heating at 600 ÁC in STEM (Figure 2.11d-n).182 The transition started from the generation 

of two linear structures (Ŭ in Figure 2.11e,i) along zigzag directions with intersecting 

angle of 60Á, followed by the formation of 1T phase with two new boundaries, ɓ and ɔ. 

The ɓ boundary is similar to the 4|4P 60Á GB structure. Following this, Silvan and co-
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workers investigated the mechanism of the beam-induced 2H-1T phase transformation by 

first-principle calculations,190 and concluded that this transition is promoted by charge 

redistribution due to electronic excitations combined with formation of vacancies under 

the beam and build-up of the associated mechanical strain.    

 

 

Figure 2.12 Electron beam sculpted nanopores and nanowires in TMDs. (a-h) Controlled creation 

of sub-nanometre pores in monolayer MoS2. (a) Schematic illustration of the electron beam 

drilling process. (b-e) ADF-STEM images showing step-by-step drilling of a nanopore in 

monolayer MoS2. (f) Ultra-small nanopore by displacing a single Mo atom. (g) DFT-calculated 

atomic model corresponding to f. (h) Image simulation based on g. (i) Pattern of a MoSe nanowire 

network. (j-m) Sequential ADF images of the fabrication process of Y-junction of MoSe 

nanowires. (n,o) AC-TEM images of a suspended MoS wire in monolayer MoS2 (n) before and 

(o) after a whole rotation about its long axis. Time between images is 1 s. (p) A 3D perspective 

view of pristine and twisted MoS wires. (q-t) Series of AC-TEM images showing the dynamics 

of a MoS wire located at the edge of monolayer MoS2. Time between frames is Ḑ0.5 s. (a-h) 

Reproduced with permission from ref.184 É 2017 The Royal Society of Chemistry. (i-m) 

Reproduced with permission from ref.191 É 2014 Nature Publishing Group. (n-t) Reproduced with 

permission from ref.192 É 2016 American Chemical Society. 
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Figure 2.13 Electron beam fabrication of monolayer Mo membranes. (a) Schematic illustration 

of the Mo membrane by sputtering of Se atoms from a monolayer MoSe2 film. (b) ADF-STEM 

image of the fabricated Mo membranes in the monolayer MoSe2 films at accelerating voltage of 

80 kV. (c,d) ADF-STEM images showing a monolayer MoSe2 film (c) and monolayer Mo 

membrane (d). Corresponding in-plane MoïMo distances in the monolayer MoSe2 film (c) and 

the monolayer Mo membrane (d) Atomic models of the monolayer MoSe2 film (e) and monolayer 

Mo membrane (f). Scale bars: 2 nm in (b), 0.5 nm in (c, d). (g,h) Theoretical investigation of the 

pure Mo membrane structure. (g) Illustration of the evolution of the metal membrane structure 

upon introduction of additional charge, showing that extra charge increases inter-atomic distances. 

(d) Radial distribution function for the neutral and charged system. (a-f) Reproduced with 

permission from ref.193 É 2018 WILEY-VCH Verlag GmbH & Co. KGaA. (g,h) Reproduced with 

permission from ref.194 É 2019 American Chemical Society. 

 

Focused electron beam irradiation can locally sputter S atoms, which also 

destabilizes the Mo bonding and causes Mo displacement to the surface, diffuse away and 

then open up the metal vacancy site. The ability to spatially control defect formation is 

integral to successful nano-engineering of their properties. Increasing electron beam 

irradiation can cause the formation of voids in 2D TMDs.184,195-196 ADF-STEM images in 

Figure 2.12a-e show step-by-step drilling of a nanopore nucleated from Mo atoms 

ejection induced by S vacancy, as reported by Wang et al.184 Reducing electron beam dose 

rate for irradiation can lead to just single metal atom loss (Figure 2.12f-h). The holes 
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opening up is caused by the creation of large number of S vacancies, and when the holes 

keep expanding with more S sputtered away, the excessive metal atoms cluster around 

the edges. This leads to the edge structures of monolayer TMDs transformed to be the 

unique MoS wires before the local area ruptures (Figure 2.12i-t). 183,191-192,197 These 

subnanometer wires are flexible, self-adapting, and can rotate their entire crystal structure 

under electron beam irradiation (Figure 2.12n,o), or can also have torsional rotation 

effects that are that help the self-adapting nature during growth and contraction of the 

wire (Figure 2.12q-t).  

In contrast to the nanopores and nanowires that are sculpted with the ejection of 

chalcogen atoms and subsequent migration of both chalcogens and metals in the 2D 

TMDs, there could also be selective ionization etching by controlling the electron beam, 

which can result in novel reconstructed phase. Zhao et al. reported the Mo pure metal 

membrane fabricated from MoSe2 monolayers atom by atom via the electron beam 

ionization of Se atoms by STEM at low accelerating voltage of 80 keV(Figure 2.13a-f).  

193  Their in-situ observation demonstrated that the initiating stage of this fabrication 

process was the formation and aggregation of numbers of Se vacancies. There remained 

metallic Mo clusters in the lattice with enhanced conductivity which impeded the further 

ionization damage. Those Mo clusters developed to be close-pack hexagonal structures 

composed of Mo atomic plane with a reduced lattice constant (2.7 ¡ in contrast to the 

original 3.3 ¡ in MoSe2). As indicated in the following DFT theoretical calculation by 

Joseph et al, this pure metal film is expected to be a corrugated structure instead of a flat 

plane, although the hexagonal configuration is not the most energetically favourable 

structure, with a square lattice having the lowest energy when the system is neutral.194 

However,  this hexagonal metal matrix can be stabilized by charge transfer,  which can 

give rise to the theoretical lattice constant close to that in the experiments of Zhao et al., 
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as shown in Figure 2.13g,h.  

In addition to the in-situ lithography function, the electron beam in (S)TEM can also 

be utilized to manipulate phase transformation of the layered TMDs (Figure 2.14). This 

is often achieved when the chalcogen atoms are ejected progressively under continuous 

beam irradiation with large energy transferred to the atoms overcoming the sputtering 

threshold or ionization effects. The resulted different atomic ratio between the two 

elements are then followed by structural reconstruction, forming a new crystalline phase 

with the stoichiometry distinct from that of the initial TMD phase. This mechanism is 

seen in the phase transition from few-layered tin dichalcogenides (SnS2) to the anisotropic 

orthorhombic monochalcogenides (SnS) reported by Sutter et al (Figure 2.14a). 198 They 

observed the structural change after sample continuously exposed to electron beam with 

energy of 80, 200, and 300 keV in the HRTEM, as shown in Figure 2.14b,c, regardless of 

the operating temperature (room temperature or moderate annealing temperature of 

~300 ). It is proposed that the transformation started from the assembly of vacancies 

into ordered S line defects, then formed a S-deficient intermediate state of Sn2S3, finally 

converting to the SnS. Another example of phase change derived from periodic 

accumulation of chalcogen vacancy lines is seen in the fabrication of 2D Mo2S3 from 

MoS2 using the electron beam in STEM.
199 In contrast, a different mechanism of phase 

transition via interlayer fusion was presented by Lin et al regarding layered PdSe2 

reconstructing to form a novel 2D Pd2Se3 monolayer phase.
200-201 Figure 2.14e presented 

the schematic illustration of this mechanism, with the in-situ observation of this beam 

driven process step by step shown in Figure 2.14f. The continuous Se loss upon extended 

electron beam exposure resulted in the gradually decreased interlayer distance in layered 

PdSe2 due to its strong interlayer binding, enabling the melding between two adjacent 

layers and the establishment of the new stoichiometry which proved to be monolayer 
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Pd2Se3. This beam-driven interlayer fusion mechanism provides more possibilities of 

exploiting novel-phase 2D materials from parent layered materials with moderate van der 

Waals coupling effects.  

 

Figure 2.14 Electron beam induced phase transformations of layered TMDs. (a) Schematic 

illustration and (b-c) sequential HRTEM images showing the phase transformation from few-

layered SnS2 to Ŭ-SnS crystal under electron beam irradiation. (d-f) E-beam driven phase 

transition from layered PdSe2 to 2D Pd2Se3 monolayers. (d) ADF-STEM image of exfoliation of 

layered PdSe2 sample, where the monolayer region exhibits Pd2Se3 lattices. (e) Schematic 

illustration of the interlayer fusion mechanism from bilayer PdSe2 to monolayer Pd2Se3. (f) 

Sequential ADF-STEM images showing this reconstruction process. (a-c) Reproduced with 

permission from ref.198 É 2016 American Chemical Society. (d-f) Reproduced with permission 

from ref.200 É 2017 American Physical Society. 
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2.4.2 Thermally Controlled Modification by In-Situ Heating 

Apart from the study of the beam-driven structural change dynamics at room temperature, 

the development of in-situ heating technique in (S)TEM has enabled the real-time 

investigation of the high-temperature behaviours of 2D materials. Thermal annealing 

during operating (S)TEM can be utilized to remove carbon contamination so as to 

revealing the dynamics without interference from surface contamination, as well as 

provide thermal energy that can activate the vacancy diffusion and increase the atom 

motion of the radiation-enhanced surface diffusion.202 In addition, some theoretical 

studies suggest the knock-on irradiation effect is relevant to temperature which can affect 

displacement cross section of the atoms, with the impacts from thermal perturbation of 

atoms from their equilibrium positions and the variation in the momenta of the atoms 

neighbouring the displaced atom.203-204 Considering this, the knock-on effect in causing 

defects in 2D TMDs under the beam is expected to be facilitated by heating the sample 

to very high temperature like 800 ÁC which provides extra kinetic energy, although the 

resulted atom motion is likely to be much smaller compared with the high-energy incident 

beam.202 Qu et al. reported the ultralong 1D defect channel triggered by in-situ heating, 

which differed from the beam-driven line defects at room temperature.117 As illustrated 

in Figure 2.15, at ambient temperature the S vacancies migration rate is limited thus the 

reported line defects at normal conditions are mostly short in length with separate 

distributions. While at high temperature (~800 ÁC), thermally driven fast diffusion of S 

vacancies result in ultralong (Ḑ60 nm) 1D S vacancy lines at high vacancy densities, 

which was reported to serve as the channels for rapid atomic migration for initiating void 

formation.167  
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Figure 2.15 Thermally triggered formation of ultralong 1D defect channel by in-situ heating. (a) 

Schematic diagram showing how S vacancy aggregate into short or long 1D defects for different 

motilities. Low mobility occurs at room temperature, and high mobility occurs at 800 ÁC. (b) 

Phase contrast AC-TEM image of MoS2 at 800 ÁC, showing two ultralong line defects. (c,d) 

Higher-magnification AC-TEM images, and (d) false coloured ADF-STEM image at 800 ÁC of 

an ultralong line defect in MoS2, showing uniform atomic periodicity. Reproduced with 

permission from ref.117 É 2018 American Chemical Society. 

 

Thermally triggered defect formation, migration, and repair were also observed in-

situ in the planar GBs in 2D TMDs. In the MoTe2 2D crystals, the high-concentration 60Á 

inversion domain GBs were generated when heating the sample to 400 ÁC.205 As reported 

by Zhao et al, the overlapping GBs in bilayer and few-layered MoSe2 can migrate and 

vanish driven by thermal annealing to 700 ÁC, which finally gave rise to the healing of 

the stacking inconformity and disordered faults (Figure 2.16a).206  Their in-situ heating 

STEM experiment traced the gradual sliding of GBs (Figure 2.16b-d), and they argued 

that the driving force for GB migration was the gain in interlayer binding energy for 

forming a more stable phase with homogeneous stacking registry. This report highlights 

the utilization of in-situ thermal treatment for investigating defect repair in 2D TMDs.  
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Figure 2.16 GB migration-induced healing of stacking faults upon in-situ thermal annealing. (a) 

Schematic illustration depicting the MoSe2 grain growth via GB migration and subsequent 

vanishing upon thermal annealing up to 700 . (b-d) ADF-STEM images of (d) before, (e) after 

in situ heating at 400 ÁC, and (f) 700 ÁC. The stacking fault first transformed into the 3R stacking 

at 400 ÁC and ultimately transformed into the 2H stacking at 700 ÁC. (e) Corresponding schematic 

illustration of this process. Reproduced with permission from ref.206 É 2019 WILEY-VCH Verlag 

GmbH & Co. KGaA. 

 

Some layered materials can experience phase transitions upon heating to high 

temperature before entire collapse or melt, particularly for those possessing rich phase 

diagram with different atomic ratios before melting point. For example, the metallic 

Mo6Te6 nanowires can form from multilayered 2H-MoTe2 driven by thermal-activated 

phase transition (400ï500ÁC) under vacuum.205,207-209 The in-situ heating (S)TEM enables 

the deduction of the exact thermal degradation temperature, rate and mechanism. By 

intentionally manipulating the annealing process, it is promising to achieve controlled 

structural modification of the materials with in-situ monitoring of the transition process.  

Recently, Ryu et al. reported a thermally driven phase transition of 2D few-layered PtSe2 

into ultrathin 2D nonlayered PtSe crystals with in-situ atomic-scale observations, as 

shown in Figure 2.17.210 The structural change was driven by Se loss and stoichiometry 



39 
 

modification upon annealing to 550 , involving the mechanism of lateral diffusion and 

atomic digestion, yielding the PtSe crystals that are thicker than the original PtSe2 layered 

precursors. This process is different from the afore-mentioned interlayer fusion 

mechanism in the other noble metal TMDs, PdSe2, owing to the stability of the 1:1 

metal:chalcogen intermediate phase in Pt:Se before forming the pure metal. This 

demonstrated how the in-situ heating can be used to create new ultrathin materials using 

2D layered precursors controllably.  

 

Figure 2.17 Thermally controlled phase transition by in-situ heating. (a-c) Schematic illustration 

of the phase transition process of 2D few-layered 1T PtSe2 into ultrathin 2D non-layered PtSe 

crystals by thermal annealing at 550 ÁC. (d-f) ADF-STEM images showing the phase transition 

from the edge of the bilayer PtSe2, and finally perfectly transformed PtSe nanoparticle after the 

heating. Reproduced with permission from ref.210 É 2019 American Chemical Society. 

 

2.5 Conclusion  

Recent studies on the defect structures in monolayer/bilayer TMDs by using electron 

microscopy are reviewed in this chapter, including the intrinsic defects of different 
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dimensions and configurations, and the in-situ materials modification methods in (S)TEM. 

The noteworthy development in the AC-TEM and ADF-STEM technologies enables them 

to be powerful tools in identifying a wide range of defects in 2D TMDs with single-atom 

resolution. The influences of defects, either synthetically brought about or electron beam 

induced, are significant on altering the electrical, magnetic, vibrational, optical and 

chemical properties of materials. What is encouraging is that these effects can be 

beneficial in certain cases, like improved transport behaviour caused by some 1D defects 

acting as metallic channels  or the higher electrochemical reactivity enabled by edge 

terminations.  

The electron beam illumination when imaging can enable atoms to overcome 

displacement energy threshold and produce vacancies, or may also bring about some other 

effects like ionization, so the impact of high-energy beam on the TMDs need to be 

carefully evaluated for analysing the origin of defects and their dynamics. Also, 

controlling the dose of irradiation beam is critical for the manipulation of the type and 

density of defects. The research interest is increasing in the in-situ modification of 

materials in (S)TEM in recent years, particularly in the in-situ high temperature study. 

The exploration of materials modification driven by electron-beam or thermal annealing 

TMDs for obtaining novel structures offers more opportunities to enrich the library of 2D 

materials.  

So far, significant progress has been made in the study of defects on TMDs, although 

we are possibly only witnessing the tip of the iceberg. The three-atom thick nature of 

layered TMDs and various stacking modes provide more possibilities for complex defect 

configurations. It is expected that more interesting work will continue to arise on 

exploring new defect structures in the continuously expanding family of 2D TMDs, 

particularly towards the intentional manipulation of the defect structures at the atomic 



41 
 

scale and their impact on the material properties, which could be desirable as well as 

challengeable. In particular for the extreme conditions like ultrahigh temperature, future 

work will further give insights on the defect and lattice evolution mechanisms by in-situ 

electron microscopy techniques. A better understanding of the manipulation of defects 

will advance the field of defect engineering in 2D materials and targeted applications. 
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Chapter 3 

Methodology 

3.1 Introduction 

This chapter introduces the experimental and analytical methods specifically used in my 

research project. This will cover materials synthesis technique via chemical vapour 

deposition (CVD) method, TEM samples transferring process, optical microscopy (OM) 

and SEM characterizations of the as-prepared samples, TEM operation procedures 

including in-situ modification methods involved, as well as typical data processing 

methods. To clarify, I have done the sample preparation including CVD synthesis, transfer, 

OM, SEM and STEM operation for obtaining images, while the CVD furnace set up and 

recipes were developed by the senior group members, and I followed the previous recipes 

with minor adjustment of the parameters like the distance between the substrate and the 

precursors. The TEM systems have been maintained well and corrected from time to time 

by the supportive scientists in EM centre of the Oxford Materials and in Diamond Light 

Source, including Dr Ian Griffiths, Dr Neil Young, Dr Christopher Allen, and Dr Judy 

Kim, just to name a few, so that I am able to operate the TEM and get the data as planned. 

The theoretical calculations of DFT and MD simulations were done by the collaborator, 

Dr Gang Seob Jung at Massachusetts Institute of Technology, and I put the detailed 

methods and process in section 3.6.3 for repeatability of my work.  

3.2 CVD Synthesis of TMDs 

3.2.1 CVD Growth of Monolayer MoS2 Films 
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The CVD system used for TMD growth is composed of two independent furnaces and 

two quartz (Figure 3.1). Here the two furnaces are used to control temperature separately 

on the precursors and substrate, and two different-diameter quart tubes with one inside 

the other (1 in. diameter for the outer tube, and 0.6 in. diameter for the inner tube).  

 
Figure 3.1 (a) A photo graph of the two-furnace system equipped in our laboratory for CVD 

growth. (b) A schematic diagram showing the CVD setup for MoS2 or WS2 films growth.  

 

To grow MoS2 monolayers, argon (Ar) was used as carrier at atmosphere pressure. 

Molybdenum trioxide (MoO3, Ó99.5%, Sigma-Aldrich) of 20 mg and sulphur (S, Ó99.5%, 

Sigma-Aldrich) powder of 300 mg were utilized as the precursors to growth MoS2 on a 

Si substrate with 300 nm-thick SiO2 on the surface. The substrate is cleaned with acetone 

and isopropanol, followed by O2 plasma for 5 min, then placed horizontally into the outer 

quart tube and located at the centre of Furnace-2. S powder was loaded in the outer quart 

tube at the Furnace-1 midpoint, while MoO3 was in the inner tube with a distance of ~11 
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cm to the tube flow exit. This After flushing with 500 sccm Ar for 30 min, Furnace-1 was 

heated to 200 ÁC to pre-introduce S vapour, and Furnace-2 was heated up to 800 ÁC, 

maintaining for 15 min under 150 sccm argon flow, and then another 25 min under 

decreased flow of 10 sccm before the growth stopped. The fast-cooling process is then 

done by moving the tube so that the substrate is away from the heating zone with the 

increase the Ar flow of 500 sccm. After finishing fast cooling, monolayer MoS2 grown 

on the SiO2/Si substrate was collected. 

3.2.2 CVD Growth of Monolayer/bilayer WS2 films 

A similar strategy was used for growing WS2 thin films. Sulphur (S, Ó99.5%, Sigma-

Aldrich) powder of 300 mg was loaded in the outer quart tube at the centre point of 

Furnace-1. Tungsten trioxide (WO3, Ó99.9%, Sigma-Aldrich) of 200 mg was inserted in 

the inner tube at the central heating zone of Furnace-2. Si substrate with 300 nm-thick 

SiO2 was pre-cleaned by acetone and isopropanol, followed by short O2 plasma, then 

horizontally placed in the outer quart tube at the further downstream position of Furnace-

2 with a calibrated distance to WO3. Firstly, the two tubes were flushed with 500 sccm Ar 

for 30 min. Then, Furnace-1 and Furnace-2 were heated up to 180 ÁC and 1145 ÁC, 

respectively, maintaining the temperatures for 6 min as the WS2 growth stage under 250 

sccm Ar flow, and then stopped the growth by decreasing the flow to 10 sccm and 

lowering the temperatures. After a fast cooling process, the WS2 samples grown on the 

SiO2/Si substrate were collected. 

3.2.3 Synthesis of PtSe2 films by Pt Selenization 

The two-furnace CVD system was also used for PtSe2 growth using direct selenization 

method of ultrathin Pt layer at the atmospheric pressure. An ultrathin Pt layer of 10nm 
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thickness was first deposited on top of a 300 nm SiO2/ Si chip via e-beam evaporation. 

Selenium powder (Se, 20 mg, Ó99.5%, Sigma-Aldrich) and the substrate with uniform Pt 

coating were loaded in a 2 inch-diameter quartz tube, which were placed at the centres of 

two split furnaces, respectively, for individual temperature controls. The system was 

sealed and flushed with a 500 sccm argon (Ar) flow for 30 min in order to drive off all 

the reactive gases such as oxygen. After that, the Se and substrate were ramped up to 230 

and 260 °C, respectively. Ar of 110 sccm was used as the carrier gas to transport the Se 

vapor downstream to the substrate surface. The temperatures had then been maintained 

for 10 min since they were reached. Next, the substrate was heated up to 350 °C, at which 

the selenization began. This process lasted for 20 min, leading to formation of PtSe2 thin 

films. Finally, the reaction ended up by slow cools of both the Se and the as-produced 

PtSe2 at elevated Ar flow rate of 500 sccm. 

3.3 Transfer of TMDs 

To transfer the as-prepared TMDs onto the SiO2/Si substrate, a thin film of poly(methyl 

methacrylate) (PMMA, 8% wt. in the anisole, 495k molecular weight) was firstly spin-

coated on the surface of TMD/SiO2/Si substrate taken from the CVD furnace. The rotation 

speed of the main spin-coating stage was set to 4500 rpm (round per minute) for 50 

seconds. Then edge the substrate covered by PMMA was scratched carefully using a fine 

diamond drill to expose the SiO2 beneath the PMMA before putting the sample onto 1 

mol L-1 potassium hydroxide (KOH) solution, floating on the liquid surface and etching 

for several hours until it peeled off. This process was done at room temperature, and the 

time requested for peeling can vary from 6h to 24h, depending on the coverage of the 

CVD-grown domains and the extent of edge scratch of the substrate. Subsequently, 

PMMA/TMD film was scooped up and placed on the deionized ion (DI) water which was 
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renewed repeatedly for at least three times, with 30 min in between. The rinsed 

PMMA/TMD film was transferred onto a TEM grid, dried at room temperature overnight. 

which was then baked at 150 ÁC for 30 min. Note that when I use the heating chip with 

Si3N4 membrane, the baking time can increase to 45 min to enhance the adherence 

between the sample and the Si3N4 membrane. Finally, the TEM grid was rinsed in acetone 

for over 24 h to remove PMMA.  

3.4 Optical Microscopy and Scanning Electron Microscopy 

Optical microscopy (OM) is often used for direct observation of the CVD grown TMD 

samples in large scale, which is particularly useful for checking the shapes of the TMD 

films, size distribution, the nucleation density, and the homogeneity of the layer thickness 

based on the layer-dependent optical contrast in the OM image. For characterizing the 

samples in my DPhil project, I primarily used the OM system of the CMOS camera 

(DCC1645C Thorlabs high-resolution 1280Ĭ1024 CMOS camera with a color sensor) 

with the Mitutoyo objective lens (50Ĭmagnification). Figure 3.2a presents a typical OM 

image of the MoS2 on SiO2/Si substrate grown by CVD methods, in which a number of 

triangular MoS2 domains with the average size of approximately 90ɛm in side length are 

distributed across the substrate, and the homogeneous contrast manifest the uniformity of 

the layer number of each domain. The brighter dots in the centre of the domains are 

attributed to the tiny MoS2 nucleation on the substrate at the beginning of growth. 

Scanning electron microscopy (SEM) is an important tool in characterizing the 

surface topography of the material surface. It collects the signals from the secondary 

electrons (SEs) which are generated by the incident beam on the material surface within 

a few nanometres. In my project, field emission scanning electron microscope of Hitachi 

S-4300 was conducted for imaging micrometre-scale morphologies of the as-grown TMD 
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specimens, using the accelerating voltage of 3 kV with a beam current of 10 ɛA, which 

enables clearly imaging the surface structure of the 2D TMDs with minimal electron 

charging and irradiation damage. Figure 3.2b presents a typical SEM image of the CVD-

grown MoS2 on SiO2/Si substrate corresponding to the OM image in (a), which further 

confirms the domain sizes layer number and film continuity of the samples.  

 

Figure 3.2 (a) OM and (b) SEM image of the CVD grown MoS2 domains on SiO2/Si substrate. 

 

3.5 Transmission Electron Microscopy 

3.5.1 Annular Dark Field-Scanning Transmission Electron Microscopy  

TEM is one of the most powerful characterizing technologies in terms of atomic 

characterization of thin materials, including phase contrast high resolution TEM and 

STEM. A typical setup of the TEM and its ray diagram is exhibited in Figure 3.3a. The 

first part is the components overhead the sample which are used for preparing specific 

electron beam to illuminate the specimen. At the classical TEM mode, the electron beam 

generated are normally parallel, by applying several condenser lenses (C1, C2, etc.) and 

the upper objective lens system. The other part below the specimen is utilized for the 

collection, selection, and magnification of the transmitted or scattered electron signals.  

In STEM, focused electron beam (~1 ¡) rather than parallel beam is used in raster-
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scanning over the specimen to produce an image, which can probe the 2D materials atom 

by atom. As illustrated in Figure 3.3b, a detector on axis (BF detector) or an annular 

detector (ADF detector) is used to gather the scattered electrons after interacting with the 

specimen so as to construct BF or ADF images. By placing off-axis annular detectors with 

different selecting angle ranges, specific STEM images, like low angle annular dark field 

STEM (LAADF-STEM) or high angle annular dark field STEM (HAADF-STEM), can 

be obtained with corresponding electrons scattering angles gathered. The ADF-STEM 

image is known as the Z-contrast image as its contrast goes with Z1.6-2, which can directly 

distinguish the different elements.211-213 In this project, I mainly use the ADF-STEM as a 

straightforward strategy in imaging 2D TMDs materials comprised of more than one 

element which can be sharply determined by different Z-contrasts.  

 

Figure 3.3 Schematic illustration of (a) basic TEM setup and ray diagram, (b) compared STEM 

setup and ray diagram, showing ADF and BF detector setup with different electron scattering 

angles for imaging in a STEM. 
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When producing high resolution images in (S)TEM, many parts of the microscope 

have potentially negative influences on the electron wave. The most significant limiting 

factors in the resolution are imperfections in the way the electrons are focused. These 

imperfections mainly include spherical aberration (CS), chromatic aberration (CC) and 

astigmatism. If objective lens is perfect with no aberration, the wavefront in the 

diffraction plane should be spherical centred at the image point, while the imperfect 

formation of the magnetic field or the unavoidable aberrations of round electron magnetic 

lenses can result in spherical aberrations of various types, which have severe influence 

on the resolution. The wave aberration function is used to describe the how the actual 

aberrated wavefront is shifted away from the ideal spherical wavefront W(ɤ), which can 

be expanded as a Taylors series (Eq.3.1), with ɤ=ɚk=ɚkeiű as a complex variable (k is 

the reciprocal space vector at the diffraction plane).214-215 The coefficient like A1,2,3 in each 

term of the Taylors series represents one type of aberration from low to high orders. The 

specific notations corresponding to the types of aberrations are given in Table 3.1. 

ὡ ‫ ὙὩὃ‫ᶻ ὃ‫ᶻ ὅ‫ᶻ‫ ὃ‫ᶻ ὄ‫ᶻ‫ ὃ‫ᶻ‫

 Ὓ‫ᶻ‫ ὅ‫ᶻ‫ Ễ                                                           Eq(3.1) 

Table 3.1 Aberration coefficient up to forth order and the target values for alignment 

Coefficient  Aberration modes Order in ɤ Target values 

A0 Image shift 1 / 

A1 Two fold astigmatism 2 <1nm 

C1 Defocus 2 / 

A2 Three fold astigmatism 3 <50nm 

B2 Axial coma 3 <20nm 

A3 Four-fold astigmatism 4 <1ɛm 

S3 Axial star aberration 4 <1ɛm 

C3 Spherical aberration 4 <1ɛm 



50 
 

In my research, I mainly operated the aberration corrected JEOL STEM of ARM 

series for ADF-STEM imaging, including the JEOL ARM-200F STEM with a cold field 

emission source (CFEG) CS probe corrector with resolution capability at 80kV 

accelerating voltage, which is situated at David Cockayne Centre for Electron 

Microscopy (DCCEM) in Department of Materials at University of Oxford, and the JEOL 

ARM-300CF STEM equipped with a JEOL ETA corrector at the electron Physical 

Sciences Imaging Centre (ePSIC) at Diamond Light Source with the low-voltage 

capability down to 60kV. Both are equipped with CS correctors capable of well correcting 

aberrations to the third order with high accuracy. In principle, the way that a corrector 

compensates for spherical aberration in a magnetic lens is to construct a deviating lens 

which spread out the off-axis beams in order to re-converge them to a point, rather than a 

disk in the Gaussian image plane. Taking the ARM-200F STEM as an example, the CS 

aberration correctors consist of pairs of hexapoles designed by CEOS, which is integrated 

in the probe-forming system between the last condenser lens and the objective lens, with 

the optical design depicted in Figure 3.4a.216 The corrector system mainly consists of two 

principal hexapole elements (HP1, HP2) and five transfer lenses (TL11/TL12, 

TL21/TL22, ADL). The beam is firstly deformed by the first hexapole and then projected 

into a second hexapole that compensates for this deformation leaving only a higher order 

effect, which acts like a negative CS, compensating for the opposite effect (positive CS) 

in the objective lens. By adding the two components together, the total CS of the two 

modules can be adjusted to various values. Once the corrector system is not far from an 

aligned state, the (auto-) alignment tools can be used to compensate for the parasitic 

aberrations measured from the probe-tableau method. The calculation involved in this 

method is composed of measuring the propagation of an electron wave through a phase 

plate (phase shift image) and the calculation for the intensity of the resulting wave, where 
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the phase shift is caused by the coherent axial aberrations from A1 to higher orders. As 

the complete electron intensity distribution can be given by the incoherent superposition 

of the distributions for the individual energies, the influence of the various axial 

aberrations on the shape and on the electron intensity distribution within the probe can be 

calculated. The tableau consists of an initial Gaussian image and deconvoluted under- and 

over-focused probe shapes with incident beams of tilted angles. Measurements are taken 

with varying values for the óouter tableau tiltô and changing the azimuths step by step. 

Then, the phase plate is calculated from the aberration coefficients of the last measured 

probe tableau for different outer tilt angles. Figure 3.4b gives an example of the visualized 

phase plate.  

In my alignment using the diffractogram tableau method at ARM-200F with the 

CEOS corrector, a thin amorphous area is predefined at a magnification of ~600K, and 

the tableau is operated for several runs with a tilted incident beam of 32 mrad at the 

enhanced mode (recording 21 diffractograms). For each run it automatically records 

series of diffractograms corresponding to different beam tilt angles for correcting CS 

based on the wave aberration function by the software. When each tableau run finishes, a 

phase plate with the values of aberration coefficients is given as an indicator for further 

corrections, as illustrated in an example in Figure 3.4. The alignment needs to run a couple 

of times, and each time it needs around 3 min to finish the measurements in the typical 

enhanced mode. The alignment degree is judged by whether the coefficients are reaching 

the targeting ñgoodò values shown in Table 3.1. Note that we consider the coefficients to 

be acceptable as long as they fall into the rough range of the suggested ñgoodò value. For 

example, A1 in the range of 15nm should be acceptable. Figure 3.4d gives a good 

example of the coefficients obtained after running the corrector for several times. With 

the aberration coefficients well-corrected, the high-resolution ADF-STEM images were 
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taken on a clean WS2 monolayer to check the sharpness of the contrasts (Figure 3.4e), 

where the brighter and dimmer contrasts were yielded by W and S atoms, respectively.  

 

Figure 3.4 (a) Schematic of the optics of a hexapole STEM corrector with transfer lenses TL, adaptor 

lens ADL, hexapole elements HP, alignment deflectors DP, beam tilt BTlt, and beam shift  BSh coils, 

and stigmators QPol, HPol. (b-d) A diffractogram tableau obtained by running CS corrector with 

an outer tilt angle of 32 mrad. (b) Phase plate, (c) over-focused diffractograms, and (d) the 

corresponding values of aberrations. (e) An image of monolayer WS2 lattice captured after this 

correction. (a) Reproduced with permission from ref216 É 2016 Microscopy Society of America. 

 

Apart from the aberration correction, the ADF-STEM image quality is also 

associated with the selection of the collection angle (inner collection angle and outer 

collection angle) of the annular detectors relative to the convergence semi-angle (Ŭ) of 

the electron probe. This involves the trade-off between the Z-contrast and the SNR of the 

images. By changing the of the collection angle, the n values in Zn dependence contrasts 

and the signal-to-noise ratio (SNR) can be manipulated. High inner collection angle (>3Ŭ) 

ensures Z-dependence sensitivity which avoids coherent effects like diffraction contrast 

or contrast reversal, so as to sharply distinguish different elements, e.g. to detect 

individual impurity atoms in crystals, whilst at the expense of SNR, because fewer 
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electrons are scattered to high angles. Considering the very small signals of highly 

scattered electrons from atomically thin 2D materials, it is particularly important to ensure 

enough SNR with the minimum tolerable inner collection angle when imaging them.    

In this research project, the experimental ADF-STEM imaging in Chapter 4 and 6 

were operated using JEOL ARM-200F at the accelerating voltage of 80kV. A dwell time 

of 10ī18 ɛs was used for imaging with a pixel size of 0.006 nm pxī1, beam current of 35 

pA, convergence semi-angle of 22.5 mrad, and collecting angles of 73ī271 mrad (inner-

outer angles). For Chapter 5 and 7, the ADF-STEM experiment was conducted using 

JEOL ARM-300CF at the accelerating voltage of 60kV. The dwell time of 10ī20 ɛs was 

used for imaging with a pixel size of 0.006 nm pxī1, beam current of 48.5 pA, 

convergence semi-angle of 39.1mrad, and acquisition angles of 56.4ī207.1 mrad (inner-

outer). Basically, the drift artefacts are unavoidable during STEM imaging, whilst it can 

be negligible in terms of recognizing the vacancies and defects in the materials when the 

sample and stage have stabilized for enough time (e.g. ~1h). This can be qualitatively 

determined by looking at the pristine region in the lattice in the STEM images by checking 

the corresponding diffraction spots whether the hexagons can be symmetric in all 

directions. The images used for defect analysis in chapters 4-7 have been selected with 

negligible drift artefacts. 

3.5.2 In-Situ Heating Technique 

In-situ heating experiments was conducted at the increased temperature up to 900 ÁC 

utilizing a commercial in situ heating holder (DENS Solutions, SH30-4M-FS), and TEM 

heating chips (DENS Solutions, DENS-C-30) imbedded with a platinum resistive coil in 

the central area covered by a thin Si3N4 film, as shown in Figure 3.5a,b. Slits were cut 

into the thin Si3N4 membranes on the heating chips by using focused ion beam (FIB) 
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milling, with the size of 0.6Ĭ3ɛm each (Figure 3.5c). Figure 3.5 d-f shows the distribution 

of the WS2 samples overlaid on the heating chip, where the slits in the TEM windows are 

well-covered by the WS2 triangular domain. Sample was heated by controlling a current 

through the platinum coil, whose resistance was detected in a four-point contact device, 

and the temperature was calculated according to the Callendar-Van Dusen equation with 

the calibration coefficients from the manufacturer.  

 

Figure 3.5 SEM images of the overall and detailed structures of the heating chips with slits 

manufactured by FIB (a-c) before and (d-f) after transferring WS2 samples, with (e) highlighting 

the WS2 domains overlaid on TEM windows. 

 

During the in-situ heating experiment in STEM imaging, the sample stage and the 

focus need to adjust finely when increasing the temperature over 500  as there could 

be slight buckling of the coils with temperature change. The target temperature can be 

reached in a second whilst it is better to increase the temperature by 50  each time so 

as not to cause crack of the samples due to sharp temperature change.  

3.5.3 In-Situ Electron Beam Patterning  

Chapter 5 involves the in-situ electron bean patterning experiment for atomically thin 



55 
 

nanowell patterns, which are essentially obtained by drilling single-layer nanopores out 

from bilayer WS2. For the patterning process, a small box was defined onto a limited area, 

typically a ~150Ĭ150 pixel box covering a ~2 nmĬ2 nm area (these values can be 

modified with varying areas of the whole region) with a longer dwelling time of ~35 ɛs 

per pixel for higher dose irradiation in the reproducible nanowells drilling. We controlled 

the drilling time from 20 s to 320 s to give adjustable electron dose for obtaining different-

sized nanowells at 800 ÁC, and also compared the pore production difference when 

changing the temperature to 300 ÁC. After drilling at a given time, we took a typical ADF-

STEM image of the whole region or recorded images consecutively to evaluate the beam 

damage on the drilled nanowells under the fast scanning. The in-situ observation of the 

samples enables us to track the atom displacement during drilling and monitor the 

progression of the pore creation. 

3.6 Data Analysis and Simulation 

3.6.1 Image Processing and Simulation 

The ADF-STEM images were processed using Image J software package, which includes 

various filtering regimes to remove noise. In a typical imaging process in my project, a 

Gaussian blur filter with a blur radius of 1 2 pixels was applied to the ADF-STEM images 

of 1024Ĭ1024 pixels to smooth the images and enhance the contrast of atoms without 

affecting the interpretation of the original image. The Gaussian filter is essentially a 2D 

convolution operator that is used to `blur' images. The blur radius values of the filter 

correspond to the radius of the 2D Gaussian operator it uses for the smoothed fitting. In 

applying the Gaussian filter, the image is convolved with a Gaussian function in the real 

space, which can be regarded as using the weighted average of a spotôs neighbourhood as 

the new value for this spot. This convolution operation corresponds to multiply the 
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Fourier transform of this image with another Gaussian function in the reciprocal space. 

As a result, this filter can remove noises from high spatial frequencies and at the same 

time perverse the edge features better than other uniform blurring filters. The false colours 

were performed using false colour look up tables (LUT) on some of the original greyscale 

images to increase the visual contrast. For the false-coloured ADF-STEM images in each 

chapter, chapters 4-5 applied a LUT of ñGemò, chapter 6 applied ñGemò and ñRed hotò 

and chapter 7 applied ñOrange hotò. Finally, the contrast and brightness were adjusted.  

The atomic models were constructed by using CrystalMaker X and Accelrys Discovery 

Studio Visualizer software. Then the atom coordinate values in the atomic models were 

converted using Python scripts (written by Dr Christopher S. Allen) into a readable format 

for JEMS simulation software. ADF-STEM image simulations were carried out using the 

multislice method implemented in the JEMS software (programmed by Dr P. A. 

Stadelmann), in which the multislice approximation is conducted by dividing the in-put 

crystal into a series of consecutive sub-nanometre slices in order to imitate the multiple 

scattering as the electrons propagate through the specimen.217-219 The multislice algorithm 

mainly consist of two steps, the diffractor (transferring the incident wave function by one 

slice), and the propagator (propagating between slices and convoluting by the Fresnel 

propagator). As a result, the interaction of the electron wave with each slice is combined 

in order for image formation with the intensities given by incoherent illumination (optical 

transfer function) for the STEM image simulations. Multislice simulations in JEMS are 

started by selecting the Multislice menu item of the Imaging menu. When first activated 

the Multislice dialogue sets the zone axis to [0,0,1]. Many parameters can be adjusted to 

take into account different alignment qualities and experimental imaging conditions, such 

as the aberrations, the detector collection angles, defocus and defocus spread. Typically, 

the slice numbers in the multislice methods in my simulations were set to n=c/3, where c 
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represents the unit cell parameter (¡) in z direction of the crystal model, with the slice 

thickness similar to the real z-direction interlayer spacings of MoS2/WS2. Most of the 

parameters of the simulation were set based on the experimental conditions of the JEOL 

ARM300CF at accelerating voltage of 60kV or the JEOL ARM-200F at 80kV. Here in 

JEMS, simulations were taken from the FEI Titan microscope to approximate the 

conditions for ARM200/300. Two of the most frequently adjusted parameters include 

defocus and defocus spread. The defocus varies in different images as they were captured 

at a different z height. And the defocus spread is associated with the intrinsic energy 

spread of the electron gun, the fluctuation of the accelerating voltage, as well as the 

objective lens current. The setting of these two parameters can act as a limit to the image 

resolution, and can mostly affect how accurate the simulation reflects the experimental 

data.  In a typical simulation of Chapter 4, the chromatic aberration (CC) and spherical 

aberration (CS) at 60 kV were set to be 0.95 mm and -0.03 mm, respectively. And defocus 

spread and defocus were set to be 8.5 nm and 9 nm respectively.  

3.6.2 Strain Analysis 

The strain distributions for the ADF-STEM image are evaluated using geometric phase 

analysis (GPA) method used with Fast Fourier transform algorithms, 220-221 which 

quantitatively measures the variation the crystal periodicity of reciprocal space vector. 

The 2D strain maps in this project are obtained by performing the GPA tool in the 

FRWRtools plug-in package developed by the Stuttgart Center for Electron Microscopy, 

which is installed in the Digital Micrograph software, which is able to compute strain 

maps from complex wave functions resulting from a high-resolution focal series 

reconstruction and data stacks. After loading and calibrating the high-resolution STEM 

images correctly, the GPA tool was started from the plugin. Two spots of the {100} 
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reflections were selected on the Fourier transform by positioning the circular masks and 

pressing ñRead Aperturesò to command the tool to read the reciprocal space coordinates 

of the selected reflections in to the grain. The two parameters, ñresolutionò which defines 

the radius of the aperture used, and the ñsmoothò which represents the outer outer fraction 

of the aperture radius, can be adjusted for obtaining the gradient maps with different 

sensitivity and noise levels. In my analysis, resolution was set to 11.5 nm and smooth 

was set to 0. Then a reference area (unstrained lattices) was defined in the phase image. 

In the GPA process, the magnitude of lattice expansion/contraction is expressed by two 

directions, x and y, separately. It calculates displacement value difference divided by their 

location variations along certain directions, ‬Ὗὼ/‬ὼ, ‬Ὗώ/‬ώ, ‬Ὗὼ/‬ώ ÁÎÄ ‬ὟώȾ‬ὼȟ 

referring to the two selected G-vectors (lattice reflections), finally obtaining the 2D 

gradient maps of the four strain field components, including the normal strain field 

component along x direction (xx) and y directions (yy), and the xy and yx which indicate 

the 2D shear strain ýelds. The accuracy of the GPA outcome relies on the input image 

qualities including resolutions, magnifications and drift artifacts. It can work well in 

atomic-resolution images without drift artifacts. The GPA results can also be affected by 

the setting of parameters including the selection of aperture ñresolutionò and the reference 

area.  

3.6.3 DFT and MD Calculations 

In the study of bilayer GB in WS2 (Chapter 4), molecular dynamics (MD) simulations are 

performed via a LAMMPS package.222 To investigate the mechanical stability of dual 

GBs in WS2, we perform structural relaxation and tensile tests of the geometries obtained 

from STEM images. A reactive empirical bond order (REBO) style forcefield223-224 was 

used to describe the interatomic interaction of WS2 monolayer. For the parameters for W 
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and S, we use previously developed ones for the growth of MoS2 channels.
144 Unlike the 

monolayers, the interlayer interaction may play a critical role in the bilayer system. The 

previous DFT (density functional theory) study225 indicates that the difference of binding 

energy of WS2 and MoS2 has only 10meV/atoms with dispersion correction DFT-D2 and 

almost same with vdW-DF.226-227 Also, the interlayer distance of 2H (AAô) is the same. 

Therefore, instead of further tuning of vdW parameters for WS2, we utilize the vdW 

parameters developed for MoS2 bilayer system, which describes well the binding energy 

profile as a function of the interlayer distance between two layers.186 

For the atomic models, we relax the geometries through MD simulations. During the 

relaxation, we fix the boundaries because the boundaries of models with a finite size are 

not well bounded and can change due to residual strains coming from the mismatching 

lattice parameters between TEM and MD. Then, we take one of the unit cells to rebuild 

the system. We further relax atomic structures of the rebuilt models at 10K for 150ps with 

the relaxation of the periodic unit length along the y direction. The periodic boundary 

condition along the z direction with enough space is applied to all models to avoid the 

unphysical interactions between imaginary layers. The non-periodic and shrinkable 

boundary is used only for the x direction. After the relaxation, one of the edges parallel to 

the GB with the width 0.5nm is fixed. The other edge is moved with a constant loading 

speed with 0.02¡/ps (2m/s). The stress-strain data are recorded during the loading.  

To estimate the defect formation energy, we perform DFT calculation with Quantum-

Espresso package228 using Perdew Burke Ernzerhof (PBE) functional229 and norm-

conserving type pseudopotential.230 The energy cutoff for the wave functions is 60 Ry, 

and 1Ĭ15Ĭ1 Monkhost-Pack grids are adopted for the K space sampling. For modeling 

the isolated ribbon, 15 ¡ vacuum is inserted to avoid undesirable interaction between 

periodic images in both x and z directions. The structure is relaxed with the fixation of 
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boundary atoms movement in x and z directions and fully relaxed along the y direction. 

We note that there is residual strain due to the fixed boundary atoms, but the 4|6 

dislocation and its nearest atoms are fully relaxed under a given GB. We introduce the 

sulfur vacancy at A, B, Ref-A, and Ref-B, as illustrated in Figure 4.12 in Chapter 4, to 

compare the vacancy formation energy of A and B to the nearest vacancy position. The 

defect formation energy (Ef ) is obtained by 

 
Ef a( ) = EV + ES - E0,  

 where E0 is the total energy of the reference system; EV is the total energy of the 

system with a S vacancy, ES is the energy of isolated S atom; Ŭ is vacancy type with a 

single S vacancy. For example, A1 is the first vacancy at the position A from pristine, and 

A2 is the second vacancy at the position A from A1. Here, we do not consider the detailed 

values of chemical potentials due to S/W rich limit or temperature. 231 Instead, we 

compare the formation energy at A and B sites with that of the nearest S vacancy position.  
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Chapter 4 

Grain Boundaries Involved Defects in MoS2/WS2 

Monolayer/Bilayers 

Grain boundaries (GBs) of TMDs, including 60Á GBs and small-angle tilt GBs, have 

considerable impacts on their chemical-physical properties. This chapter focuses on the 

GB-involved defect structures in MoS2/WS2 monolayers/bilayers at the atomic level by 

using ADF-STEM, including two GB types, namely 60Á GBs and tilt GBs. The first part 

studies the high-temperature formation and dynamics of 60Á GBs connected large 

inversion domains (IDs) in monolayer MoS2. In-situ heating experiment is conducted at 

800ÁC to thermally activate S vacancy migration and this leads to formation mechanism 

of IDs different from room temperature. In the second part, the study extends to tilt-GBs 

in bilayers, showing that tilt GBs in bilayer WS2 can be atomically sharp, where top and 

bottom layer GBs are located within sub-nm distances. An in-situ heating holder is used 

and the GBs are stable to at least 800 ÁC. This expands the current knowledge of GBs in 

2D bilayer crystals, beyond the established large overlapping GB types typically formed 

in CVD growth, to now include atomically sharp dual bilayer GBs.  

4.1 60Á Grain Boundary Inversion Domains in Monolayer MoS2  

4.1.1 Introduction 

As introduced in section 2.3, the 60Á GB is a special type of GB in TMD monolayers 

owing to their three-fold symmetry, which is formed when two 60Á oriented monolayer 

grains merge together. In monolayer MoS2 or WS2, it comprises 4-member rings and 
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dislocations, which are calculated to be metallic conducting nanowires embedded in the 

semiconducting monolayer TMDs.104,145,147 Experimental results have demonstrated a 

slightly increased in-plane electrical conductivity and photoluminescence quenching 

caused by 60Á GB.134 Such distinct transporting properties add useful functionality for 

engineered GBs rather than a negative role that is more often reported.  

Coupled by linear 60Á GBs, inversion domains (IDs) with 60Á lattice rotation can 

form locally.182 It was shown that the MoSe2 monolayer IDs could emerge with the Se-

deficient growth environment and heating condition.132 The formation of IDs is usually 

considered to be associated with two factors, the chalcogen deficiency and thermal energy. 

However, the mechanism of the ID formation at high temperature still needs to be 

understood, especially the large-scale transformations that occur when long line defects 

are present. Prior work using ADF-STEM imaging at room temperature showed the 

electron beam driven formation of IDs in MoSe2.
181 These IDs were relatively small (1ï

2nm) and are surrounded by many other S vacancies, holes, and line vacancies due to the 

low mobility of S vacancies at room temperature resulting from the high-energy barrier 

of S vacancy migration.114,232 This makes it difficult to elucidate the strain dynamics due 

to the heavily distorted lattice on the larger scale from so many defects in the vicinity.  

Recent work has shown that at high temperature (>700oC), thermal energy activates 

the rapid migration of S point vacancies and they assemble into ultralong line defects.117 

The newly created S point vacancies tend to migrate to join an existing vacancy line rather 

than start a new one.117 Therefore the formation process and strain fields of IDs at higher 

temperatures should be much easier to understand because of the more uniform defect 

structures. Thermal treatments are usually involved in fabricating and processing 

monolayer TMDs for opto-electronic devices, so it is crucial to understand the structural 

transformations that occur at high temperatures and whether IDs can be stable and 
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controllably formed. 

Here, aberration corrected ADF-STEM with an in-situ heating stage is used to 

investigate the mechanism of ID formation and evolution in monolayer MoS2 at the 

atomic level under the high temperature of 800 ÁC. The details of the ID evolution after 

formation was tracked, including further expansion by GB migration, interplay with the 

formed void, as well as the final disappearance. The high temperature in this study also 

ensures a highly clean MoS2 lattice surface for revealing unambiguous dynamics of the 

ID without interference from attached contamination.  

4.1.2 Results and Discussion 

CVD-grown MoS2 monolayers are transferred to a heating TEM chip, and then heated up 

to 800 ÁC in-situ when doing ADF-STEM at 60 keV. Figure 4.1a exhibits the ADF-STEM 

image of a typical inversion domain (ID) formed at 800 ÁC with electron beam induced 

vacancies. The IDs formed at high temperature are generally much larger than those 

formed at room temperature, with a triangular side length of around 20 Mo atoms, 

compared to 7-10 at room temperature.132,205 The lattices of Mo and S atoms inside 

(Figure 4.1b) and outside (Figure 4.1c) the domain have a rotation of 60Á, showing the 

inverted orientations. Two different GB structures are observed at this ID (Figure 4.1d-i). 

One is composed of a 4|4 edge (4|4E) sharing structure with two rows of single sulphur 

atoms bridging at the boundary (Figure 4.1d,e), and the other is a 4|4 point (4|4P) sharing 

mirror twin boundary (Figure 4.1g,h), which are similar to the previously reported 

boundary structures.104 These two types of 60Á GBs possess the same local stoichiometry, 

and both were calculated to be energetically favourable (only 0.04 eV/¡ difference in 

energy).104 Their simulated images in Figure 4.1f,i also show a good accordance with the 

experimental images. 
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Figure 4.1 (a) ADF-STEM image of large-area inversion domain (ID) formed at 800 ÁC in 

monolayer MoS2. The domain size is around 7 nm of the edge length. Cyan dots indicate the edge 

of the ID. (b, c) Magnified views of the boxed regions in (a), showing the inverted lattice within 

the ID. (d, g)  Magnified views of the boxed regions in (a), indicating two types of ID boundary 

structures. (e) Atomic model and (f) Multislice simulated ADF-STEM image corresponding to 

(d). (h) Atomic model and (i) Multislice simulated ADF-STEM image corresponding to (g). 

 

Figure 4.2a-d shows a series of ADF-STEM images obtained at 800 ÁC that reveal 

how the ID forms from the S vacancy line defects. At high temperature, the MoS2 film is 

clean without surface contamination which has been evaporated. Under the electron beam 

irradiation, several long sulphur-vacancy lines (SVLs) are produced and grow fast both 

in number and length (Figure 4.2a-c). The sulphur vacancies are generated in growing 
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number, which is supposed to mainly result from the combined effect of chemical etching 

and ionization damage at this low accelerating voltage of 60 kV below the knock-on 

threshold.172,174  Those generated vacancies quickly migrate at high temperature, 

consequently forming an area with a large density of line vacancies crossing each other 

(Figure 4.2c).  

 

Figure 4.2 ID formation process at high temperature of 800oC. (a-d) Time series of ADF-STEM 

images at 800 ÁC, where i-iv with red arrows represent line defects, and the formed ID is marked 

by dashed yellow triangle in (d). (e,f) Magnified views of the boxed regions in (c) and (d), shown 

in false colour, where the atoms in the ID are overlaid by a blue colour mask, and the line defect 

across this region is marked by white dashed lines. (g, i) Magnified views of the blue-line-boxed 

regions in (e, f), with schematic atomic models of Mo (blue), 2S (yellow), and single S (pink) 

atoms overlaid. (h) and (j) The atomic model corresponding to (g) and (i), respectively. 

 

It is noticeable from Figure 4.2d that at the region where several line defects are 


































































































































































































































































