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Abstract

Transition metal dichalcogenides (TMDs), such as MoS, and WS,, are direct band gap
semiconductors in their monolayer form and indirect band gap semiconductors in bulk. They
offer band gaps in the red visible spectrum and semiconducting properties that expand the
application of the two-dimensional (2D) materials beyond what graphene alone can achieve.
These layered materials are stacked through weak interlayer van der Waals interactions. Their
bilayer structures offer an extra layer degree of freedom, which introduces performance
enhancements compared to their monolayer counterpart. Interaction between MoS; or WS,
layers as well as the specific stacking arrangement can significantly modify their electrical,
optical and vibrational properties. The presence of defective structures has been proved to exert
significant influences on TMD monolayers. Understanding the atomic structures and the
dynamics of these defects in layered materials and their differences from those in monolayers
is important for revealing their impact on TMD bilayers, leading approaches for their future

device application.

Aberration-corrected transmission electron microscopy (AC-TEM) is one of the leading
approaches to study the atomic structure of defects on 2D materials, laying the foundation for
the first experiment, which involves the production and aggregation as well as observation of
vacancies and line defects in differently stacked MoS; bilayers at atomic-level resolution. DFT
calculated models prove the main discrepancy between defective monolayer and bilayer
systems, which is assigned to the interlayer van der Waals force in the bilayer system. In the
next experiment, we move forward to probe the atomic structure of a more complex defective
structure, the anti-phase grain boundary in MoS; bilayers using annular dark field scanning

transmission electron microscopy (ADF-STEM). Our results show the anti-phase GB in the
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bottom layer leads to the coexistence of both 2H and 3R stacking in the same bilayer domain,
which is attributed to the lattice compression in the dislocation core due to the interlayer van
der Waals force in the bilayer system. In the next experiment, the use of in-situ heating holder
in the ADF-STEM makes the direct visualization of atomic structures and dynamics at elevated
temperatures possible. Surface ripples, which are also denoted as stacking boundaries due to
their morphologies in bilayer systems are analyzed at both micrometer and nanometer levels.
These surface ripples introduce two perfect stacking orders with nanometer-wide transition
regions, the morphology of which is decided by the interlayer van der Waals forces. The
reversibility of these structures under temperature perturbation and beam irradiation is also

studied.
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Chapter 1

Introduction

1.1 Project Aims

The objective of this doctorate project is to systematically study the defective structures in
Transition metal dichalcogenide (TMD) bilayers such as MoS, and WS, including their
atomic structures, dynamics and behavior differences from those in the monolayer

counterparts due to the interlayer van der Waals Force.

1.2 Thesis Scope

This thesis covers my research on TMD bilayers over the past 4 years at the Department
of Materials and Linacre College, University of Oxford. It begins with a comprehensive
review of work been accomplished in 2D materials, especially the defective structures in
molybdenum disulfide (MoS>) and tungsten disulfide (WS>) in both their monolayer and
bilayer forms. Transmission electron microscopy (TEM), as the key characterization
technique for my investigation, the development of which is also summarized. The
methodologies applied to my doctorate studies are discussed in detail in Chapter 3
including sample preparation and transfer, Optical, TEM observation and data acquisition

and subsequent image analysis.

Imaging the lattice and defective structures in MoS, and WS; bilayers at atomic resolution
is achieved using Oxford-JEOL 2200 Monochromated AC-TEM with corrected spherical

and chromatic aberration. In Chapter 4, I started with imaging the 2H and 3R stacked lattice
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under different defocus value and identifying both single and double sulfur vacancies by
their unique contrast differences. The vacancies exist in both layers and can migrate
between layers. As they aggregate into line defects with different lengths and widths, their
configuration is studied in-depth. This first part of my work shows how defective structures
in bilayer system, starting from the simplest ones, can differ from those in the monolayer

system.

In Chapter 5, | moved forward to a more complex defect, the grain boundary, which was
frequently investigated in graphene and TMD monolayers, but scarcely studied in TMD
bilayers. The anti-phase grain boundary (GB), which introduces a 60° lattice rotation in
monolayers, leads to a sharp interlayer boundary between 2H and 3R stacked domains.
Their coexistence in the same bilayer region is achieved due to interlayer van der Waals

force. The ‘meandering’ configuration of this GB is traced and the its direction is proved

to be tunable by controlling the dislocation cores. Formation mechanism of these GBs in

bilayers are also revealed for their controllable growth for future device uses.

During my observation, for MoS, and WS; bilayers, two identical or distinct perfect
stacking can also exist with a few-nanometer wide stacking boundary, rather than a sharp
interface such as the anti-phase GB. The boundaries are proved as surface ripples which
nucleate mainly from strain introduction to the bilayer system. As illustrated in Chapter 6,
these surface ripples are investigated at both micrometer and nanometer scales, the
morphology of which is decided by the interlayer can der Waal forces. Under temperature
perturbation and beam irradiation, the nucleation and annihilation of these stacking

boundaries are proved to be controllable.
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My whole doctorate work has been forcusing on the defective structures in bilayers and
their differences compared with those existing in monolayers, laying foundation for the
controlled nanoengineering of TMD bilayer-based devices. These conclusions and

outlooks are summarized in Chapter 7.
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Chapter 2

Literature review

2.1 Introduction

This chapter unfolds a comprehensive overview of works on Transition Metal
Dichalcogenide monolayers and bilayers, mainly focusing on the atomic-level structure
studies of defects using advanced imaging technologies such as scanning transmission
electron microscopy (STEM) and aberration-corrected transmission electron microscopy

(AC-TEM) and their dynamic studies using in-situ heating method.

2.2 Transition Metal Dichalcogenide

Two-dimensional nanomaterials become eye-catching due to their potential applications in
next-generation optoelectronics devices and nanoelectronics.!™> Graphene, as the first 2D
material available to us, has been widely used in optical electronics, biological engineering
and energy storage areas.®® In recent decades, the scientific community builds interest in
two-dimensional materials beyond graphene, especially transition metal dichalcogenides

(TMDs) due to their attractive electronic and optical properties.”!!
2.2.1 An Overview of TMDs

Hexagonal boron nitride (h-BN) and Graphene have been attracting a large amount of
attention due to their unique properties. Since becoming popular back in 2004, graphene,
boasting unique excellent electrical conductivity, electric structure and outstanding

strength, was evaluated as “a rapid rising star on the horizon of material science”.'?
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However, it has no band gap, which limited the applications of this “rising star”. There
were several attempts to solve this problem, namely to introduce this band gap: cutting
graphene into nanoribbons, antidot engineering or chemical doping.!*° As a tradeoff, its
superior conductivity is lost when a band gap is introduced into graphene by these methods.

2122 atomic-

Unlike insulating hexagonal boron nitride (h-BN) and conductive graphene,
layered TMDs are semiconductor materials with required bandgaps, making it possible to
fabricate devices with higher performance and lower power consumption.?>?> With h-BN

as insulators, graphene as conductors and TMDs as semiconductors, they make three basic

building blocks available for nanoelectronics.

TMDs are layered materials hold together by weak van de Waals force.?® As shown in
Figure 2-1, the typical structural formula for TMDs is MX,, where M stands for
transitional metals such as W, Ti, Mo and X for chalcogenides like Se, Te, S.2” MoS; and
WS> monolayers, as the most intensively studied, show fairly high mobility, excellent
mechanical characteristics, and outstanding optical properties. These intriguing properties
can find use in gas sensors, logical devices, photodetectors, flexible electronics as well as
transistors.?®4! MoS, was the first semiconducting TMD obtained in a monolayer form.
When decreasing its thickness from bulk to a layer, MoS; transforms its band structure
from an indirect bandgap to a direct one, making it complementary to the zero-bandgap
graphene and behave as a promising candidate in nanoelectronic and optoelectronic
applications.***” Furthermore, 2D MoS, can perform as a low-cost, highly efficient
electrocatalyst for hydrogen evolution reaction, an activity that can be further promoted by
the increase of edge sites and defect density as well as proper heteroatom substitutional

doping.*-!
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Figure 2-1 Periodic table showing the diversity of TMDs. The transition metals that are fully
highlighted predominantly crystallize into layered structures with three chalcogen elements, while
those partially highlighted (Co, Rh, Ir and Ni) can form some non-layered structures. Reprinted
with permission from ref. 27 © 2013 Macmillan Publishers Limited.

For monolayer and few-layer TMD synthesis, there are two main strategies: top-down and
bottom-up, each of which includes various methods. For top-down fabrication, physical or
chemical-based processes can be utilized to break the van der Waals forces between layers
of a crystal, in order to isolate single or a few layers. Novoselov et al. mechanically
exfoliated various single-layer 2D crystals from bulk materials, such as NbSe,, graphite,
MoS>, BN in 2004.! However, they found limitations in device application since TMDs
prepared by this method have quite small size at micron scale. Alternatively, chemical
exfoliation method, which produces TMD nanosheets in solution phase, has been
developed to realize high-yield and large-scale. Coleman and co-workers demonstrated that
bulk TMD crystals can be effectively exfoliated by direct sonication in common solvents
(e.g. N-methyl-pyrrolidone [NMP] and dimethylformamide [DMF]).>>*> A number of
single or a few-layer TMD nanosheets were prepared from their bulk crystals using this
method, examples such as MoS,, WS», MoTez, MoSe;, NiTe,, TaSe,, and NbSe,. However,

the yield of single-layer sheets produced by these methods is still low due to limitations of
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the sonication process, and the lateral size of the sheets ranges from several nm to several
hundred pum, which is relatively small. In the 1970s, the intercalation of layered TMDs
with n-butyllithium in hexane followed by exfoliation in water via sonication was
developed to produce single-layer TMD nanosheets.’®>° In this process, the lithium (Li)
ions were intercalated into the layered spacing, and they reacted with the TMDs to form
Li-intercalated compounds (e.g. for MoS», the compound is LixMoS,, where x is the
number of Li atoms). The Li-intercalated compounds were then sonicated in water or
ethanol to obtain well-dispersed single-layer sheets. In contrast with top-down approaches,
bottom-up methods allow 2D crystals to grow into larger sizes with required shapes at a larger
scale. The chemical vapor deposition (CVD) method is the most effective way to achieve large-
area growth for numerous TMDs.%-¢7 There are basically four CVD approaches for growing
monolayer or few-layered TMDs which are shown in Figure 2-2. The first approach displayed
in Figure 2-2(a) is a two-step thermolysis process, which is used to obtain high-quality thin
film. The thermal decomposition of precursors happens under reductive and inert environment,
while the presence of H, at low temperature avoids oxidation and converts (NH4),MoS4
precursor directly into MoS,.% The second approach is by
sulfurization/selenization/tellurization of pre-deposited metal or metal oxide films on suitable
substrate. Metal or metal-containing precursors can be deposited by techniques such as spin
coating, and thermal evaporation, e-beam evaporation and atomic layer deposition (ALD). -
72 As a typical example shown in Figure 2-2(b), rhomboidal MoO, nucleated and grew on
substrate through thermal evaporation, and then was reduced by sulfur vapor at 650-850 °C,
and finally MoO, was sulfurized to MoS, layer-by-layer at higher temperature. A physical
vapor transport method shown in Figure 2-2(c) is the third approach. For example, the MoS,

powder are involved as precursor which was kept at higher temperature zone and finally high

18 /143



Thesis Si Zhou

quality MoS, was deposited on insulating substrate via vapor—solid growth mechanism under
Ar gas.”® The forth approach is the most common techniques to synthesize TMD layers. This
CVD method involves vapor phase reaction of transition metal oxides/halides and chalcogen
precursors.”* The three-step reaction for growth of MoS, from MoO; and sulfur powder are

shown in Figure 2-2(d).

di -coatin 1st anneal 2nd anneal =
i ; Ar MoS; bﬁ

i or Ar+S &

1 Torr 500 Torr transfer 4

J— g —_—) —_— L %r

500°C 1000°C = AO

1hr 30 min Py
'S2- Mo G Tem
(NH4)2Mo0S4 —
solution on sapphire on SiO;/Si on $i0,/8
ot Quartz tube
C ~900 °C, 20 Torr /
MoO,+25-2MoS +0,
—
t1

Insulating

G/ Substrate

0 . @
v
S -
CH eee % n "
i ii iii &

.
00, fo) o > #,Mos; (9)

Deposition
S‘ o N
*o 2 é‘smfurizatio ﬁ

Figure 2-2 4 types of growth routes for TMDs. (a) Two-step thermolysis process synthesis from

carrier
gas sulfur weMOs m‘“’h quarztube  M°S:

e Lo/

heating____heat insulator_ pump
belts cold

trap

MoO,,(ads)

MoO; MoO,, MoO,

(NH4):MoS;4 precursor on SiO»/Si or sapphire substrates followed by the two-step annealing
process on insulating substrates and finally transferred onto another substrate. Reprinted with
permission from ref. 68 © Copyright 2012, American Chemical Society. (b) Layer by layer
deposition of MoS; from MoO; by surface sulfurization and transferred to another substrate one by
one. Reprinted with permission from ref. 72 © Copyright 2013, American Chemical Society. (c)
Simple vapor transport method showing MoS; films were deposited on insulating substrate at high
temperature from MoS: powder precursor under inert atmosphere. Reprinted with permission from

ref. 73 © Copyright 2013, American Chemical Society. (d) (i) LPCVD system setup for TMDs, (ii)
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Mo—O-S ternary phase diagram illustrating the pathways for the CVD growth of MoS; from MoO3
precursors, and (iii) Possible growth routes of MoS» by the reaction of MoOs-« and S. Reprinted

with permission from ref. 74 © Copyright 2015, Royal Society of Chemistry

For monolayer TMDs such as monolayer WS, and MoS,, there are two different crystal
symmetries: the 2H (trigonal prismatic D3h) and 1T (octahedral Oh) phases which possess
distinct electronic structures.”> As shown in Figure 2-3(a), MoS; can exist in two different
crystal symmetries, the structures of which have distinct electronic structures. For 2H phase,
the hexagonal lattice has three-fold symmetry and ABA (S-Mo-S) atomic stacking
sequence. The 1T phase shows a different stacking of ABC (S-Mo-S) with bottom S plane
occupying the hollow center of a 2H hexagonal lattice. Normally, exfoliated MoS>
nanosheets have natural 2H phase while those produced by chemical Li-intercalation
transform to the metastable structure 1T.? For mechanical exfoliated single-layer MoS;,
2H and 1T phases coexist.”® It was found that in MoS, monolayer, the 1T and 2H polytype
structures can form a chemically monolithic two-dimensional crystalline solid. A selected
region with 2H stacking structure can be turned into 1T stacking structure by Li
intercalation. The obtained heterostructure is stable after exfoliation and removal of Li
atoms. The two phases are coherently bonded to each other, as shown in Figure 2-3(b).
Experimentally, the difference in the lattice mismatch of the two regions cannot be resolved.
This indicates that the phase boundary at the interface is strain-free. The two phases exhibit
quite different electronic structures due to the changes in the crystal symmetry: 2H phase
is semiconducting, while the 1T phase is metallic,”%* Therefore, the obtained
heterostructures are highly inhomogeneous, consisting of nanometer-sized semiconducting

and metallic domains.
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Figure 2-3. Crystal structure of TMD monolayers. (a) Single-layer 2H and 1T polytypes of MoS,
(top and side view). The outlined unit cell of 2H structure contains one basis atom, while the unit
cell of 1T structure contains two basis atoms. The S atoms are light gray/yellow and the Mo atoms
are dark gray/blue. (b) Transmission electron microscopy image of the interface between 1T and
2H phases in two-dimensional layer of MoS,. Reprinted with permission from ref. 75 © Copyright
2015, American Chemical Society.

The electronic band structures of TMD semiconductors directly influence their optical
properties. The direct bandgap in TMD monolayers enable them to absorb or emit photons
with a much higher efficiency than the multilayers or the bulk.®>%¢ Since the radiative
recombination rate increases significantly with the decreasing thickness of 2D TMDs,
strong photoluminescence (PL) is observed in TMD monolayers owing to their direct
bandgaps.?” The indirect—direct bandgap transition enables the intensity of the PL emission
to enhance significantly from a bilayer to a monolayer. As shown in Figure 2-4(a) and (b),
88-89

The PL quantum yield (QY) also increases greatly with the decreasing layer number.

The pronounced peak in the PL spectrum of monolayer WS» is located at 2.0 eV,
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corresponding to the emission of A excitons.?” However, there are two peaks for monolayer
MoS,, which are located at 1.8 eV and 2.0 eV.?* The energy variation is attributed to the
splitting at the valence band maximum in monolayer MoS; due to the spin—orbit effect.
The direct gap transitions at the K point in the Brillouin zone between the maxima of split
valence bands and the minimum of the conduction band, known as A; and B; transitions,
can generate A and B excitons, respectively, upon laser excitation, giving the dominant
features in both the PL and the optical absorption spectra of M0S,.°> The band structure
of MoS:» is contributed by different spatially distributed atomic orbitals from Mo and S
atoms as well as their hybridization states, which can be influenced by crystal structure
dimensions and element variations with different sensitivities. Therefore, it is easy to
understand why the mechanical strain loading and chemical/physical doping are two of the
most commonly used approaches for bandgap engineering of monolayer M0S,.”*7 The
vibrational properties of MoS> and WS, associated with their phonon dispersions have been
calculated by ab initio, and have been investigated experimentally by Raman spectroscopy.
Raman spectroscopy is non-destructive technique to explore the structural and vibrational
properties of TMDs. It relies on the inelastic scattering of materials of monochromatic light.
For atomically thin TMDs, Ez,' and Ajg are the two typical Raman signatures. the A1, mode
corresponds to the out-of-plane lattice vibration in which metal atoms stay still and two
chalcogen atoms move perpendicularly against the atomic plane in opposite direction,
while the Ez,! mode corresponds to in-plane vibration where two chalcogen atoms and
metal atom move in the opposite direction within the atomic plane.”®”® Raman
spectroscopy can provide information about van der Waals interactions (e.g. layer number

and substrate effect), doping level and lattice strain of MoS> mainly through studying the

22/143



Thesis Si Zhou

frequency of characteristic peaks. The Raman spectroscopy of MoS: with different layer

numbers and monolayer WS, are shown in Figure 2-4(c) and (d), respectively.
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Figure 2-4 PL and Raman spectra of monolayer and few-layer MoS, and WS;. (a) PL spectra for
mono- and bilayer MoS. Inset: PL QY with the layer number of MoS,. Reprinted with permission
from ref. 88 © Copyright 2010, American Physics Society. (b) PL spectra of mono- and bilayer
WS,. Inset: the magnified PL peak of bilayer WS». Reprinted with permission from ref. 89 ©
Copyright 2015, Nature Publishing Group. (¢) Raman spectra of MoS, with different layer numbers.
Reprinted with permission from ref. 98 © Copyright 2010, American Chemical Society. (d) Raman
spectra of monolayer WS, with Lorentzian fits. Reprinted with permission from ref. 99 © Copyright
2013, Nature Publishing Group.

2D MoS:; is reported to possess outstanding mechanical properties by experiments using
the Atomic force microscopy (AFM) probe. Bertolazzi et al. measured the stiffness and
breaking strength of mechanical exfoliated monolayer MoS,, yielding an in-plane stiffness

of 180+60 Nm™!, which corresponds to an effective Young’s modulus of 270+100 GPa.'®
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Such a high Young’s modulus is comparable to that of steel (180 GPa). Fracture takes place
when an effective strain reaches between 6% and 11% with an average breaking strength
of 153 Nm! (23 GPa). Castellanos-Gomez et al. measured the elastic properties of
suspended MoS; nanosheets having thickness variations from 5 to 25 layers and obtained
their average Young’s modulus as high as 330 + 70 GPa.'” In addition, the transistor made
up of MoS> thin films exhibits remarkably high flexibility, being capable to preserve its
carrier mobility at a curvature of 0.75 mm. ' The first-principle calculation can also predict
the ideal biaxial tensile strength and elastic modulus, which shows a good agreement with

experimental observations.!®
2.2.2 TMD Bilayers

TMDs are stacked through weak interlayer van der Waals interactions. For 2D TMDs such
as WS, and MoS,, their bilayer structures offer an extra layer degree of freedom, which
introduces performance enhancements compared to the monolayer counterpart. A change
from monolayer to bilayer modifies the band structure, providing tunability in electrical,
optical, vibrational and chemical properties.'® 1% For instance, it has been reported that
few-layer MoS, shows higher carrier mobility, better chemical stability and a more
sensitive field-induced effect in transistors than its monolayer counterpart.'®-!'® The gas
sensing behavior of few-layer thick MoS; has been found to be better than that of single-
layer MoS> due to the instability of the single-layer form in reactive gas environments.!''*-
120 Moreover, the band gap of bilayer MoS: can be tuned by applying a vertical electric

field.'?! For these reasons, few-layer TMDs are good candidates for nanodevices due to the

degree of freedom offered by additional layers.
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Fabricating few-layer MoS, with specific stacking order can be achieved by two main
routes: (i) sequential mechanically stacking of MoS, monolayers with a precise control
over twist angles, (ii) growth of few-layer MoS, followed by a selection of quantified
stacking sequences. Direct growth of few-layer MoS:» crystals has the advantage of scalable
production and no interlayer contamination and in particular, chemical vapor deposition
(CVD) growth of MoS: has been achieved with wafer scale coverage. CVD growth of
monolayer MoS; is often carried out using amorphous substrates such as SiO»/Si wafers,
whereas the second layer of MoS, grows on the crystalline monolayer MoS» surface. In
few-layer MoS;, stacking of 1H-MoS: layers results in two polytypes: hexagonal 2H and
rhombohedral 3R.'?*'2*  Naturally occurring MoS, crystals (molybdenite) are
predominantly 2H type due to its lower formation energy. Because of the rarity of 3R-
MoS,, most of the studies have focused on 2H-MoS,, and only a few studies have been
done for 3R-Mo0S5.'24125 In the 2H polytype (Figure 2-5(a) and (c)), the projected pattern
will depend on the number of layers: monolayers will produce a simple hexagonal pattern
with a single atomic column around each of the 2D Bravais lattice point, while multilayers
will produce a honeycomb pattern with two atomic columns around each of the 2D Bravais
lattice point. The lattice spacing is 3.16 and 3.15 A for MoS; and WS, respectively. In the
3R polytype (Figure 2-5(b) and (d)), the Mo*"/W*" ions in the monolayer and bilayer
regions will form hexagonal and honeycomb patterns, respectively, similarly to the 2H
polytype. However, the trilayers will form hexagonal patterns with much smaller lattice
spacing (1.83 A for MoS; and 1.82 A for WS;). It must be also noted that, while the patterns
formed in the bilayer regions are similar for both 2H and 3R polytypes, the actual structures

are fundamentally different. Figure 2-5(e) and (f) show HR-TEM images of MoS: trilayers
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in 2H and 3R stacking orders. The images can be correlated with the crystal structures in

Figure 2-5(c) and (d), respectively.

Figure 2-5 Crystal structures of 2H- and 3R-MoS,. Side view of (a) 2H- and (b) 3R-MoS,. Top
view of (c) 2H- and (d) 3R-MoS,. HRTEM images of 3TL MoS, with (e¢) 2H and (f) 3R stacking
orders. Reprinted with permission from ref. 122 © Copyright 2016, American Chemical Society.

Since stacking sequence is one of the key attributes to layered materials, the effects of
different stacking sequences on the electronic and other properties of two-dimensional (2D)
materials are of great interest. Although the crystal structure of each layer is identical, the
properties of few-layer crystals are sensitively dependent on the stacking sequence due to
different interlayer interactions.'?® Different stacking sequences modify the crystal
symmetry, which varies the Coulomb interaction between layers resulting in different
equilibrium interlayer distances.'?”1?® Therefore, many physical properties of 2D layered

materials including bandgap size, phonon vibration frequency, magnetism and
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superconductivity can be manipulated by altering the layer stacking configuration. 213

Interaction between MoS, or WS; layers as well as the specific stacking arrangement can
significantly modify their electrical, optical and vibrational properties.'*!"1*” Theoretical
calculations have predicted that the stacking sequence in bilayer MoS; plays an important
role in its electronic band structure. '** Experimental studies have found that the relative
rotation angle in bilayer MoS» significantly modifies the direct/indirect band gap and
interlayer coupling.**'* The recently observed spin/valley polarization in symmetry-
breaking 3R-phase bulk MoS: (another commonly observed phase of bulk MoS») further
elucidates the key role of stacking sequences (or crystal structure) in the properties of
layered MoS».'*! These differently stacked MoS; also perform distinct properties in terms
of Raman and RL.!'**"1*3 Interlayer interaction between adjacent MoS, layers with different
stacking order has been investigated by stacking two CVD-grown monolayer MoS, with a
range of different twisting angles or CVD-grown bilayer MoS,. These reports show clear
stacking angle dependence of the optical properties of bilayer MoS». In addition, the
stacking alters the band gap, which can be engineered by rotating or sliding the layers. '+
145 Therefore, the understanding and controlling of TMD bilayer stacking is significant

when considering their future device applications.

2.3 Defects in TMDs

The extraordinary performances of the 2D materials only appear with extremely low defect
concentration. However, according to the second law of thermodynamics, a certain degree
of lattice disorder must exist in crystals, and impurity atoms are always unintentionally
introduced during the production process. Therefore, understanding the structure and

behavior of the abnormal part in 2D materials is crucial for the manipulation of their
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performances for a specific application. The precise control of the defect creation and
dopant introduction will accelerate the realization of defect engineering. For TMDs, the
presence of defects influences the photoluminescence spectra, electronic transport behavior
and photosensing capabilities.!#6-1>° Understanding the structure of defects is important for

developing an accurate picture of their impact on properties.

Point defects include vacancies, substitutional dopants with intrinsic or foreign elements,
and adatoms (Figure 2-6(a)).'*!"'>” The agglomeration of vacancies forms vacancy lines
(Figure 2-6(b-€)), which is one of the line defects.!>®!5° Other line defects include grain
boundaries (Figure 2-6(f-g)),!>”-1%-1¢4 either between two domains with different
orientations or phases or at the interface of lateral heterostructures, as well as edge
termination. Other complex defects studied in TMD monolayers include ripples (Figure 2-

6h) and inversion domains (Figure 2-6i).!65-168
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Figure 2-6 An over view of defective structures in TMDs. (a) Atomic structure of pristine 5>6
supercell of MoS, monolayer with S adatom on top of the top S atom, S mono-vacancy, di-S
vacancies (neighboring), Mo vacancy, S tri-vacancy, di- S vacancies (top and bottom of the MoS;
monolayer), S coordinated with 3 Mo atoms on top and S adatom on top of a Mo atom. Reprinted
with permission from ref. 151 © Copyright 2014, IOP Publishing Ltd Printed in the UK. (b-e)
Various models of one single vacancy line, two neighboring vacancy lines in the same S layer, two
vacancy lines coinciding in top and bottom layers and two vacancy lines in staggered configuration.
Reprinted with permission from ref. 158 © Copyright 2013, American Physical Society. (f-g)
Relaxed structure for the dislocation cores of a 60° mirror twin grain boundary and a 9° tilt gain
boundary. (f) Reprinted with permission from ref. 157 © Copyright 2013, American Chemical
Society. (g) Reprinted with permission from ref. 160 © Copyright 2014, Macmillan Publishers
Limited. (h) An illustration of rippling in monolayer MoS,. Reprinted with permission from ref.
165 © Copyright 2013, Nature Publishing Group. (i) Atomic structure of monoselenium vacancy,
60° grain boundaries, and inversion domain embedded in pristine monolayer MoSe,. Reprinted

with permission from ref. 166 © Copyright 2015, American Chemical Society.
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2.3.1 Point Defects

The most basic and commonly observed defects in TMDs are vacancies. Figure 2-7(a-f)
display STEM-ADF images of several different point defects which are frequently
observed in the CVD grown MoS, monolayers,'” including single sulfur vacancy (Vs),
double sulfur vacancy (Vsz2), complex vacancy of Mo and neighboring three sulfur (Vmos3),
complex vacancy of Mo and neighboring three disulfur pairs (Vmoss), and antisite defects
such as a Mo atom substituting a 2S column (Mos) or a 2S column substituting a Mo atom
(S2mo0). The STEM-ADF imaging, which boasts the atom-by-atom chemical analysis
capability, brings clear identification of a monosulfur vacancy from disulfur vacancy, and
antisite defects from regular lattice sites, by quantitatively analyzing the image intensity.
The optimized defect structures from DFT calculations are shown in Figure 2-7(g), which
are in excellent agreement with the experimental STEM images. Specifically, most of the
defect structures maintain the 3-fold symmetry, while MoS; explicitly breaks the symmetry
with Mo locating closer to two of the three nearest-neighbor Mo atoms and at one of the
two S layers. It is also possible for other atomic species to replace lattice atoms by
substituting elements. When considering the extent to which a foreign atom may substitute
onto a crystal lattice, the ion’s relative size, electronegativity, valence, and end member
crystal structure are all relevant factors. The lanthanide contraction makes possible a wide
variety of dopants from across the transition metal block.!®® To date, almost the entirety of
the transition metal series has been examined with density functional theory (DFT) as
substitutional dopants in MoS,.!7%!75 Several metallic dopants other than W have already
been observed experimentally in few to monolayer MoS; films, including Mn, Nb, Fe, Re,

Au, and Co. 7181 Similarly, substitution of many potential dopants onto chalcogen sites
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has been considered computationally.'®? While chalcogen site doping may be favorable in
sulfur deficient crystals, excepting oxygen, to our knowledge no substitutive dopants have

been identified experimentally.

Foreign atoms can also be adatoms adsorbed on the TMDs’ surface rather than substituting
onto the lattice. Ataka and Ciraci have conducted a systematic investigation based on
theoretical calculation for 16 individual adatoms (C, Co, Cr, Fe, Ge, Mn, Mo, Ni, O, Pt, S,
Sc, Si, Ti, V, and W) as adatoms on 2H-Mo0S.."®* Six individual minimum-energy
structures of adatom-MoS: after relaxation have been found among these elements and the
results are listed in Figure 2-7(h). Some atoms, such as C, Co, Fe, O, Ti, V and W, have
been predicted to possess two favorable binding sites, while the rest of them only have had
one. Decoration of adatoms on MoS; surface has been theoretically proved to have crucial

influence on the electronic and magnetic properties.
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Figure 2-7 Intrinsic point defects and foreign adatoms in monolayer TMDs. (a-f) ADF images with

atomic resolution of different type of intrinsic defects present in MoS; monolayers, including Vs,

Vs2, M0s2, VMoss, Vmoss, and S2mo. (g) Fully relaxed structural models of the point defects
experimentally observed. From left to right: Vs, Vs2, M0s2, Vmoss, VMoss, and S2umo. Purple, yellow,
and white balls represent Mo, top layer S, and bottom layer S, respectively. Reprinted with
permission from ref. 157 © Copyright 2013, American Chemical Society. (h) Top- and side-view

illustration of adsorption structures of 16 types of adatoms in monolayer MoS; after relaxation. Red

balls are adatoms, and Mo and S are purple and yellow. The elements that applies to the models are

listed in each side-view schematic. Mo-n or S-n indicate the initial position of the adatom on the

Mo or S plane. Reprinted with permission from ref. 183 © Copyright 2011, American Chemical

Society.
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2.3.2 Line Defects and Grain Boundaries

Prolonged electron beam irradiation causes the concentration of point defects to increase,
with a tendency to initially aggregate into small clusters and then form extended line defect
networks.!>® Figure 2-8(a) shows the detailed lattice structure corresponding to the early
stage of vacancy agglomeration, where isolated point defects begin to migrate and gather
into small clusters and short lines in different geometries, as indicated by white circles and
lines. As the size of the vacancy cluster grows, the amount of bond reconstruction increases,
as shown by the red and yellow circles in Figure 2-8(a). The defect clusters primarily adopt
linear geometry. These line defects have a certain length along the zigzag direction
determined by the number of missing S atoms but can also grow across more than one
zigzag lattice line to obtain width in the armchair direction. The width of a line defect is
essentially the number of adjoining parallel S vacancy lines (n) and denoted as nSVL. Some
S point defects agglomerate into ultrashort ISVL, 2SVL, and 3SVL, as shown in Figure
2-8(b-d), respectively, and become the nucleation of future extended line defects. Figure
2-8(b) displays a series of AC-TEM images showing line defects having only one line of
single S vacancies (1SVL) but with lengths of 7 SVs. The formation of 1SVL alters the
local stoichiometry from MoS, to Mo3Ss, whereby the coordination of Mo atoms with S
atoms at the defect site changes from 6-fold to 5-fold and S atoms maintain the 3-fold
coordination with Mo atoms as in a pristine lattice. The DFT-calculated atomic model in
Figure 2-8(e) shows that the generation of 1SVL triggers a slight out-of-plane distortion
(side view), leading to the splitting of double-stacked S atoms adjacent to ISVL in the top-
down view. Figure 2-8(c) displays 2SVL that has two adjacent parallel sulfur vacancy

lines. Similar to 1SVL, 2SVL also induces a slight out-of-plane distortion at the defect site
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(Figure 2-8(f)). The lowest coordination number of Mo atoms with S atoms further
decreases from 5-fold for 1SVL to 3-fold for 2SVL. The 2SVL further increases in width
by S vacancies agglomerating along the armchair direction, forming 3SVL, as shown in
Figure 2-8(d), which generally has structure similar to the 2SVL in terms of the S bond
reconstruction. The DFT-calculated relaxed atomic model in Figure 2-8(g) shows that the
energetically stable structure still has staggered arrangements of S line vacancies
alternating between the top and bottom S planes. In the 2D projected view, the periodical
structure at the defect site transforms from hexagonal in the pristine lattice to rectangular,

highlighted by the red box in Figure 2-8(g).
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Figure 2-8 Formation mechanism and atomic structure of SVLs. (a) AC-TEM image showing
detailed configurations of agglomerated S point defects into lines in different geometries, varying
in length and width, which are marked by white circles and lines. The red and yellow ellipses show
two line defect examples that both have two parallel S vacancy lines aggregated but in different
lengths, which show a detectable variation on the lattice contraction level along the armchair
direction. The scale bar corresponds to 0.5 nm. (b—d) AC-TEM images showing 1SVL, 2SVL with
two adjacent single S vacancy lines and 3SVL with three single S vacancy lines highlighted by
white circles. (e-g) DFT-calculated atomic model for SVLs shown in b-d. Reprinted with
permission from ref. 159 © Copyright 2016, American Chemical Society.

TMDs synthesized by CVD method are polycrystalline. When two single-crystal domains
with different orientations merge during the growth process, grain boundaries (GB) form
(Figure 2-9(a) and (c)).'*° The atomic structures of GB vary with the intersecting angle of
the two grains and far more complicated than the case of graphene. Figure 2-9(a) shows

two S-zz triangles intersecting at an angle of 40°+0.5°. Figure 2-9(b) shows a
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corresponding composite DF-TEM image of the crystal structure. The composite image is
constructed by overlaying color-coded DF-TEM images acquired from the crystallographic
orientations shown in the diffraction pattern of Figure 2-9(a). The intersection of the grains
forms an abrupt, faceted tilt boundary. In addition to tilt boundaries, there is a second
common line defect in MoS; crystals: mirror twin boundaries. In monolayer MoS», mirror
twins are the intersections of two MoS; crystals with a relative in-plane rotation of 180°
that effectively swaps the positions of Mo and S lattice sites. Figure 2-9(c) shows the
bright-field image of two triangles meeting at 180°, and Fig. 2-9(d) shows the
corresponding DF-TEM image. The mirror twin appears clearly as an intensity change in

DF-TEM images, through the same diffraction asymmetry seen in Fig. 2-9(d).

Figure 2-9 Tilt and mirror twin grain structures in MoS, monolayers. (a) Bright-field TEM image
of two triangles that have grown together. Inset diffraction pattern shows the two crystal
orientations are 40°+0.5° apart (measured between the red and cyan lines, which are at equivalent
spots in the diffraction pattern). (b) Colour-coded overlay of DF-TEM images corresponding with
the two red- and cyan-circled spots in a shows a tilt grain boundary as a faceted line connecting the

two triangles. (c) Bright-field image of a mirror twin composed of 180°-rotated triangles, with
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diffraction pattern inset. (d) Dark-field image which indicates the presence of a mirror twin
boundary between the darker and lighter regions. Reprinted with permission from ref. 160
©Copyright 2013, Macmillan Publishers Limited.

The dislocation cores of GBs include topologically conventional one with five- and 7- fold
(5]7) rings, but also new core structures with 4|4, 4|6, 4|8, and 6|8 fold rings.'*’” Figure 2-
10(a) displays a 60° grain boundary in MoS». The GB is composed of 4-fold rings and is
parallel to the zigzag direction with a point sharing at a 2S site (named as 4[4P structure).
The structure of the 4|4P type GB and corresponding structure model are shown in Figure
2-10(b). Unlike the Mo atoms which retain the regular 6-fold coordination, the S atoms at
the GB change from the 3-fold coordination to a 4-fold coordination. It is well-known that
GBs are usually not perfectly straight and are linked by various GB kinks that can have
important influences on the material properties.'** As can be seen from Figure 2-10(c), the
GB is composed of few parallel 4/4P segments which are connected by two octagonal kinks,
contributing to 4/4P segments with different lengths. Another type of 60° GB consisting of
strings of 4- fold rings with edge sharing (4|4E) can also form, as shown in Figure 2-10(d).
STEM-ADF image analysis shows that the S sites along the GB are occupied by
monosulfur atoms, that is, 50% S coverage, generating bonds between the S atoms from
one grain and Mo atoms from the other. The 4|/4E GB with 50% S coverage renders 5- and
3-fold coordination for Mo and S atoms at the GB, respectively, a decrease in coordination
for Mo. As confirmed by DFT calculations, the energy of 4/4E GB with 50% S coverage
is about 0.1 eV/A lower than that with full S coverage, even under S-rich conditions.
Moreover, the 44E GBs have the same local stoichiometry as the energy-favorable 4(4P
structure, and the energy difference is only 0.04 eV/A. Similar to the 4/4P GBs, GB kinks

were also observed in the 4/4E GB. As highlighted in Figure 2-10(¢), the 4/[4E GBs are

37/143



Thesis Si Zhou

linked by a 4-fold coordinated Mo, a further decrease in coordination for Mo.

Besides the mirror-symmetric 4/4P and 4|4E 60° GBs, Tilt grain boundaries with different
tilt angle were also studied. '*’ Figure 2-10(f) shows an 18.5° GB composed of 5|7 and 6|8
structures as schematically shown in the STEM-ADF image. The detailed atomic structures
for the 5|7 and 6|8 dislocation cores are shown in Figure 2-10(g) and (h), respectively. The
5|7 structure can serve as the basic dislocation core structure, and the addition of
monosulfur or disulfur into the Mo—Mo bonds generates the 6|8 structures observed at the
same GB. The transition only happens under S-rich conditions. Therefore, the grain
boundary with 6|8 structures shown in Figure 2-10(f) might be synthesized in a S-rich
environment. However, another GB with 4|6 structures is also observed(Figure 2-10(i)and
(j)) with 4- and 6- fold rings joined by 4-fold coordinated S atoms. The pristine 4|6 structure
(Figure 2-10(i)) can be derived from S-oriented 5|7 structures by removing 2 S atoms,
which is energetically favorable under Mo-rich conditions. The dislocation core density
caused by the local growth environment imply possibilities of precise GB structures control.
Through tuning the local chemical growth ingredient, the local properties of GB structures

can be altered.
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Figure 2-10 Atomic structure of mirror twin and tilt grain boundaries in monolayer MoS,. (a) ADF
image of a 4/4P 60° grain boundary. The green dash line highlights the position of the 4|4P grain
boundary, and the grain boundary steps are linked by octagons as indicated. The blue triangles
illustrate the orientation of the two grains with 60° rotation. (b) ADF image of the 4/4P 60° GB
structures with the structural model overlaid. (¢) Schematic structure of the GB and GB kinks as
shown in a. (d) Relaxed structure for 4|8 GB, representing a 4/4P GB with the highest kink density.
(e) ADF image and overlaid structural model of a 4|4E type 60° grain boundary, and the grain
boundary steps are linked by 4-fold coordinated Mo atoms as highlighted. (f-h) STEM-ADF images
of an 18.5° grain boundary consisting of dislocations with five- and seven-fold rings (5|7) and
dislocations with six- and eight-fold rings (6/8). g and h are the zoom-in view of the 5|7 and 6|8
structures from the regions indicated in f. (i, j) ADF images of a 17.5° grain boundary consisting
of dislocations with four- and six-fold rings (4|6), either pristine (i) or with Mo-substitution (j). The
2D and 3D structural models for the various dislocation structures are placed next to the
corresponding ADF images. Reprinted with permission from ref. 157 ©Copyright 2013, American

Chemical Society.
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2.3.3 Ripples

Ripples are intensively studied in monolayer or few-layer graphene.!®'2 Thermal
vibrations, edge instabilities, thermodynamically unstable (interatomic) interactions, strain
in 2D crystals, thermal contraction, dislocations, solvent trapping, pre-strained substrate-
relaxation, surface anchorage and high solvent surface tension during transfer cause
wrinkles or ripples to form on graphene. These corrugations on graphene can modify its
electronic structure, create polarized carrier puddles, induce pseudomagnetic field in
bilayers and alter surface properties.!®® Similar to monolayer graphene, suspended TMD
monolayers can also be stabilized by the formation of ripples. The formation of ripples
results in the degradation of mobility of the carrier mass and alteration of electronic
structures in these 2D materials.'®” Buckling and ripple formation has also been predicted
using molecular dynamics (MD) simulations under uniaxial compression.!** The size of
the ripples generated during compression is observed to be associated with the strain rate

and length of the sample.'*>

Theoretical research predicted that the ripple structures in MoS, will generate effective
local strain, which can provide a suitable platform for engineering its electronic structure.
A Mo$S; ripple model is shown in Figure 2-11(a).!® Corresponding wavelength and height
of the ripple structure are denoted as A and h, respectively. Figure 2-11(b) shows a
representative AFM topographical image of rippled MoS; nanoplates. The thickness of the
nanoplate is determined to be ~0.7 nm corresponding to monolayer MoS,. Ripple
structures in MoS: can be clearly seen. The ripple wavelength and height are measured to
be 90 nm and 3 nm, respectively, as shown in the corresponding three-dimensional (3D)

image in Figure 2-11(d). MoS: ripples with larger wavelength and height are also detected
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in Figures 2-11(c) and (e) with the values of ~10 nm and ~150 nm, respectively. The
ripple wavelengths range from 40 nm to 300 nm and the ripple heights vary from 1 nm to
25 nm. As one of 2D atomic crystals with outstanding mechanical strength, MoS> can be
largely bent or folded, which is useful for the applications of flexible electronics. We can
therefore expect that local uniaxial strain in the rippled MoS; nanostructures could provide
a new route to engineer the physical properties in MoS; ripples. However, ripples in TMD
layers are rarely observed or studied experimentally. Detailed atomic structure of this
surface ripple between perfect stacking orders has not been investigated. It is not known
about the relationship between the morphology of the ripples in the bilayers and the
corresponding lattice registration. One more unsolved issue is how these ripples behave

under high temperature and prolonged beam irradiation.
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Figure 2-11 Ripples in MoS, monolayer. (a) A schematic model of MoS; ripple structure. (b-c)
AFM images of MoS; ripple structures with different wavelengths and wave heights. (d-¢)
Corresponding 3D image. Reprinted with permission from ref. 165 ©Copyright 2013, IOP
Publishing Ltd.

2.4 Conclusion

Studies have been done and added building blocks in the field of 2D materials. Top-down and
bottom-up fabrication methods have been invented and improved to achieve layered materials
with high quality and large scale. New members have been continuously introduced to the 2D
materials family and more are expected to be fabricated and investigated in lab, and finally, in

industry.

TMDs are stacked through weak interlayer van der Waals interactions. Compared to their
more intensively studies monolayer forms, their bilayer structures offer an extra layer
degree of freedom, which introduces performance enhancements. The stacking sequence

is one of the key attributes of layered materials. Although the crystal structure of each layer
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is identical, the properties of few-layer crystals are sensitively dependent on the stacking
sequence due to different interlayer interactions. Therefore, the understanding and
controlling of TMD bilayer stacking is significant when considering their future device
applications. Defect engineering has long been applied in the TMD monolayer system. The
defective structures of layered materials not only provide a fertile ground for the exploration
of fundamental science, but also broaden the potential applications of 2D materials in various
fields. With the development of modern imaging technologies, including AC-TEM and STEM,
direct observation of the configurations and dynamics of the defects have been realized.
Intensive studies on the structures and behaviors of these defects in the bilayer system is
necessary for altering the stacking sequences and realizing the few-layer TMD based device

application.
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Chapter 3

Methodology

3.1 Introduction

In this chapter, I aim to introduce the basic experimental techniques and analytical
methodologies employed in the project. It ranges from synthesizing the few-layered TMDs
via controlling the CVD procedure, transferring the as-prepared sample for optical, SEM
and TEM observation to processing and analyzing the acquired images. Details of the

experiments and analysis are covered in this chapter for the repeatability of my work.

3.2 CVD Synthesis and Transfer of TMDs

3.2.1 Substrate Preparation

The substrates used to grow MoS; and WS, monolayers, SiO»(300 nm)/Si(2 cmx 2 cm*0.5
mm, University Wafer), were sonicated for 10-15 min in acetone and isopropanol solutions

successively.

3.2.2 CVD Synthesis of Few-layered WS; and MoS:

The monolayer and few-layer MoS; domains were grown by hydrogen-free APCVD with
the precursors of molybdenum trioxide (MoOs, powder, >99.5%, Sigma-Aldrich) and
sulfur (S, powder, >99.5%, Sigma-Aldrich).! P-doped silicon (Si) coated with a 300 nm
thick oxide layer (amorphous Si02) was used as the substrate. Double-walled quartz tubes

were employed for the CVD synthesis to avoid cross-reaction between the precursors. As

61/143



Thesis Si Zhou

shown in Figure 3-1, two separate furnaces were utilized for individual temperature control.
The MoOs (15 mg) loaded in the inner tube (0.6 inch diameter) was placed in the central
zone of the low-temperature furnace, and the S (600 mg) in the outer tube (1 in. diameter)
was placed 1.7 cm from the left open end of the high-temperature furnace. The substrate
was located at the center of low-temperature furnace. The growth system was first flushed
with 500 sccm argon (Ar) for 30 min to drive off the oxygen. Then, the furnaces were
ramped to ~180 and ~200 °C, so as to create a Sulfur-rich environment. Next, furnace 2
was heated up to 800 °C, and meanwhile, the temperature of MoO3 was increased to 300 °C.
Once the target temperature was reached, MoS, began to nucleate with the 150 sccm Ar
flow. This stage lasts for 20 min, after which the flow rate was reduced to 50 sccm for a 25
min growth. The temperature of S was increased slowly from 180 to 200 °C since then to
maintain the concentration of S vapor at a nearly constant level. The growth time could be
extended to 15 min to obtain bilayers, with the second-layer islands located on top of the
large-area monolayer. To attain high uniformity and large domain size, we designed a
follow-up procedure that enabled atom migrations, where the MoOs; temperature was
reduced to 270 °C and the gas flow rate was dropped to 5 sccm for a lower precursor
feedstock, with a quenched substrate temperature of 700 °C to decrease the sublimation of
MoS: species formed on the substrates. The time for obtaining a large domain size was

optimized to be 15 min. Finally, the synthesis ended up with cooling fast.

A similar strategy was adopted to produce few-layered WS». The monolayer WS, domains
were grown by hydrogen-free chemical vapor deposition in atmospheric pressure with the
reactants of tungsten trioxide (WOs3, powder, 99.9%, Sigma-Aldrich) and sulfur (S, powder,

>99.5%, Sigma-Aldrich). To avoid solid-phase reactions between the two precursors, 200
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mg WO3 was first placed in a smaller quartz tube, which was then mounted into a larger
quartz tube with 400 mg S preloaded. While loading the precursors and the substrate, the
S and WO3 were put at the centers of the low- and high-temperature furnaces, respectively,
and a 300 nm SiO»/Si chip was positioned 9.5 cm downstream of the WO3. Argon was
introduced with a flow rate of 250 sccm to transport the precursor vapors onto the substrate
surface. Two furnaces were used for independent temperature control. The S reached its
target temperature of 180 °C 10 min before WO3 was finally heated to 1070 °C (ramp rate:
~30 °C min! for sulfur and =40 °C min! for WO3). The reaction then lasted for 5 min,
after which the sample was rapidly cooled down to room temperature. Similar with the

MoS: bilayer synthesis, we extended the growth time to 10 min to obtain WS; bilayers

Low-Temperature High-Temperature
‘ Furnace Furnace -
‘ Gas outlet
Gas Inlet N e——— -

Temperature Control Panels

1 O MoOs/WO, Powder '

Gas Inlet

SulphurPowder oo | mmm SiO,/Si Substrate

Figure 3-1 Photograph and schematic diagram showing the CVD synthesis of monolayer and few-
layer MoS; and WS,.

63 /143



Thesis Si Zhou

3.2.3 Transfer of Few-layered WS, and Mo$S:

The as-grown few-layer MoS> and WS, on the SiO»/Si substrate can be transferred onto an
arbitrary substrate, such as Si3Ns TEM grids, for further characterizations using a polymer-
assisted method. Its surface was first spin-coated with a thin film of poly-methyl-
methacrylate (PMMA, 8% wt. in the anisole, 495 molecular weight) as a supportive
scaffold. The rotation speed of the main spin-coating stage was programmed to 4500 rpm
(round per minute) for 50 seconds with an initialization stage and an ending stage, both
having a slow spin speed of 500 rpm for 5 seconds. Therefore, the deposited PMMA
droplets can first wet the surface well at a low spin speed stage and then be spread into a
uniform thin film at a high spin speed stage with the droplets being spun off the edges and
the solvent being evaporated. After this, the sample was heated at 180 °C in the air on a
hot plate for 90 seconds to remove the residual solvent thoroughly and strengthen the
interlayer contact between MoS, and the PMMA Ilayer. Subsequently, the
PMMA/MoS,/S10,/Si specimen was floated on a 1 mol/L potassium hydroxide (KOH,
Sigma-Aldrich reagent grade 90%) solution, so that the PMMA/MoS; layer can detach
from the substrate after SiO, being etched away. It is worth noting that, since the PMMA
also covered the edges of the Si0,/Si substrate when it was spread by the centrifugal force,
all the edges of the SiO2/Si substrate were rubbed by a diamond file before floating the
sample on a KOH solution. This is to remove the coated PMMA layer on edges such that
the Si02 can be exposed to contact directly with the KOH solution. After the PMMA/MoS;
film peeled off, it was then transferred to the deionized water for several times to wash off
any residual contamination from the etching process. The rinsed PMMA/MoS: film was

then scooped up by a holey SisN4s TEM grid (Agar Scientific AG21580) or other substrates,
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air-dried for overnight and baked at 180 °C for 15 minutes to ensure a strong interface
contact between MoS: monolayers and the new substrate. Finally, the PMMA scaffold was

removed by submerging the new sample in the acetone solution for 8 hours.

3.3 Optical Microscopy and Scanning Electron Microscopy

Optical microscopy (OM) is useful for characterisation of large TMD domains, and
particularly, is featured with unique layer-dependent optical contrast. Two OM set-ups
were employed in my DPhil projects, namely the Mitutoyo objective lens with a 50x
magnification attached to the CMOS camera (DCC1645C Thorlabs high-resolution
1280%1024 CMOS camera with a color sensor), and the one implemented into the Raman
system. The former one is capable of providing optical microscopic images with good
contrast and resolution of the prepared MoS, on Si0,/Si substrate. Hence it was used to
preliminarily examine the CVD-grown MoS; in terms of the uniformity in layer thickness,
the domain size, and the nucleation density, as well as the vertically stacked
heterostructures as shown in Figure 3-2(a). The latter one is inferior regarding the optical
contrast and resolution, but it sufficed for recognizing the bilayer region with regard to the

monolayer MoS> components that required Raman and PL measurements.

Scanning electron microscopy (SEM) is a powerful tool to characterize material’s surface
topography. This stems from its image generation mechanism, where the contrast
originates from the secondary electrons (SEs) excited by the incident beam on the sample
surface and only those SEs generated within a few nanometers of the surface can escape.
In this project, Hitachi S-4300 field emission scanning electron microscope was operated

to characterize micrometer-scale features of the as-grown monolayer and bilayer MoS,,
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including the nucleation density, domain size and shape, layer number and film continuity.
All specimens were on SiO»/Si substrates. The SEM sample was mounted onto the sample
stub firmly using carbon sticky pads, which can diminish unwanted charge-up. The
accelerating voltage was set to be 3 kV coupled with a beam current of 10 pA. The choice
of such a low accelerating voltage is for gaining clearer surface structures with less electron
charging and irradiation damage to samples. A SEM image of a sample with both

monolayer islands and secondary layers is shown in Figure 3-2(b).

Figure 3-2 Observation of monolayer and few-layer MoS, samples using (a) Optical microscopy

and (b) Scanning electron microscopy in SE mode.

3.4. Transmission Electron Microscopy

3.4.1. Aberration-Corrected Transmission Electron Microscopy

TEMSs have long been applied for the characterization of lattice deformation in crystals.
Since 1956, 100 kV TEM has been used in the observation of dislocation movements in

aluminum. With the improvement in mechanical and electronic stabilities and the
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correction of aberrations, the spatial resolution of 0.3nm has been achieved in 70s. Recently,
monochromators have been developed to minimize the chromatic aberration and spherical
aberration has been further reduced. The most state-of-art high-resolution transmission

electron microscopy (HR-TEM) has leaped forward to angstrom scale resolution well

below 78pm. A TEM system with two basic operations is shown in Figure 3-3.2
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Figure 3-3 Two basic operations of the TEM imaging system involve diffraction mode: projecting
the DP onto the viewing screen and image mode: projecting the image onto the screen. In each case
the intermediate lens selects either the BFP or the image plane of the objective lens as its object.

Reprinted with permission from ref. 2 ©Copyright 2009, Springer US.
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The theoretical resolution of the electron lens and ultimately of the TEM is customarily
defined in terms of the diffraction limit. However, the practical resolution is severely
limited by spherical aberration, chromatic aberration and astigmatism. Spherical aberration
is a feature of all round lenses that causes image blurring and most influences the resolution.
This defect happens when the lens field acts differently on the rays depending on their off-
axis angle. For our aberrated electromagnetic lenses, the further off axis the electron is, the
more strongly it is over-bent back the axis. As a result, a point object is imaged as a disk
of finite size which limits our ability to magnify details because the detail is degraded by
imaging process. According to Figure 3-4, the way that a corrector compensates for Cs in
a magnetic lens is in effect to create a diverging, for example “concave” lens which spread
out the off-axis beams such that they re-converge to a point rather than a disk in the
Gaussian image plane.? In practice, this correction can be achieved by a highly complex,
computer-controlled set of quadrupoles and hexapoles or octupoles. After spherical
aberration correction, all rays are more or less brought to a common focus which results in
a sharper image. Therefore, it is possible to determine not just how individual atoms are
brought together to form a bulk solid, but also help to distinguish atoms of differing

chemical identity.
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Figure 3-4 Ray diagrams showing how the two different commercial systems use (a) multiple
quadrupole (Q) and octupole (O) lenses (Nion) or (b) hexapole and other transfer lenses (CEOS)
to correct for Cs. Reprinted with permission from ref. 2 ©Copyright 2009, Springer US.

In my research, the aberration-corrected transmission electron microscopy (AC-TEM) was
conducted using Oxford’s JEOL JEM-2200MCO field emission gun TEM (0J2200 MCO)
under an accelerating voltage of 80 kV. * The microscope is remotely controlled, thus
ensuring an extremely stable environment for image acquisition. The base pressure in the
specimen chamber is ~10™* Pa. The aberration correctors consisting of pairs of hexapoles
are designed by CEOS, which are capable of correcting aberrations up to the third order as
shown in Figure 3-5(a). 2 The spherical aberration (Cs) is corrected by running a Zemlin
tableau on a thin amorphous area within a predefined range for the beam tilt angle at a
magnification of ~500K. A series of diffractograms corresponding to different beam tilt

angles are automatically recorded, which are used to correct Cs based on the wave
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aberration function by the software. After each run, a phase plate was shown and the values
for aberrations were listed, which was the guidance for the corrections that should further
be made (Figure 3-5(b and c)). The correction completed when all the values were within
the range of the targeted values (Figure 3-5(d)). After Cs being adjusted (either to 0 or to
a deliberate finite small value), the resolution of the ACTEM system can reach ~1.2 A.
Images were recorded using a Gatan Ultrascan 4kx4k CCD camera with 1-2 s acquisition
time, 2 pixel binning. The electron dose used for imaging was ~10° e/nm?. Exposing TEM
samples in the air induces the amorphous contamination accumulated on the surface of
monolayer MoS,, which blocks the direct observation of its pristine atomic configuration
under TEM. Therefore, a dry-clean method was employed one day before the TEM
characterization where samples were buried in the activated carbon powder and baked at

~200 °C in the air for ~ 60 min to remove adsorbates thoroughly.

70/ 143



Thesis

spec

DP13

DP12

HPol
QPol
DP11

DPH1

w0
plane \HL
<

i

K

J

HP1

>

TL22

HP2

ADL

— field ray

Si Zhou

@erration Mode

Target Value

Two-fold Astigmatism

Below 1nm

Three-Fold Astigmatism

Below 50nm

Four-Fold Astigmatism

Below 500nm

Axial Coma

Below 30nm

Spherical Aberration

Below 500nm

Star Aberration

Below 500nm

Figure 3-5 The electron optical elements of the CEOS and Zemlin tableau taken with an outer tilt

angle of 23 mrad. (a) The corrector is mounted in the column between the objective lens and

projective. Reprinted with permission from ref. 2 ©Copyright 2009, Springer US. (b) Phase plate

and (c) diffractograms. (d) The target values of aberrations.
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3.4.2. Scanning Transmission Electron Microscopy with in-situ Heating Holder

STEM is a specific type of TEM, which uses focused electron beam raster-scanning over
the specimen. This makes STEM suitable for Z-contrast annular dark field (ADF) imaging,
a more straightforward approach than TEM to image 2D materials composed of more than
one element, including TMDs and h-BN, as one can directly distinguish the different
elements only based on the contrasts. The first STEM was developed by von Ardenne in
Berlin in 1938. However, the development of the technology ceased until 1970s, when
Crewe and his colleagues built a field emission electron source for STEM and visualised
single heavy atoms on a thin carbon film. By the early 1990s, better than 2A resolution was
achieved based on the development of STEM technology, indicating the possibility of
direct imaging of atomic structures in some materials systems. The electron probe is able
to be focused to sub-angstrom diameter with the combination of an aberration corrector,
which boosted the resolution of STEM. In 2000, Dellby et al. presented 1.23 A resolution
in high-angle annular dark field (HAADF) images at 100 kV. A more advanced AC-STEM
was then developed with 0.5 A information limit. For the application of STEM on 2D
materials atomic structural study, numerous publications can be found in recent years with

single-atom sensitivity.

In my research, room temperature ADF-STEM was performed using an aberration
corrected JEOL ARM300CF STEM equipped with a JEOL ETA corrector operated at an
accelerating voltage of 60 kV located in the electron Physical Sciences Imaging Centre
(ePSIC) at Diamond Light Source. * The convergence semi-angle used was 24.6 mrad with
a camera length of 20 cm, corresponding to an annular recording range of 39—156 mrad at

the detector plane. The electron probe diameter was focused to ~72 pm with a dwell time
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ranging from 10-20 ps per pixel for imaging. The beam current was measured as 23 pA.
ADF-STEM imaging at high temperatures up to 1100°C was performed using a
commercially available in-situ heating holder from DENS Solutions (SH30-4M-FS). The
resistance of the platinum coil in the heating chip (DENS Solutions DENS-C-30) is
monitored in a four-point configuration, and the temperature is calculated using the
Callendar-Van Dusen equation (with calibration constants provided by the manufacturer).
Slits were produced into the Si3N4 membranes focused ion beam milling before transferring
the bilayer samples onto the heating chip. The detailed structures of the heating chip and

heating holder are shown in Figure 3-6.

ﬂ Wildfire holder

Nano-chip
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Figure 3-6 The detailed structures of an in-situ heating holder and heating chip. (a) a photograph
of the heating holder. (b) Schematics of the heating chip. Reprinted with permission from
©Copyright DENSsolution. (c¢) Different magnification SEM images of the heating chip and slits
manufactured by FIB.
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Chapter 4

Vacancies and Line Defects in MoS; Bilayers

4.1 Introduction

Transition metal dichalcogenides (TMDs), such as MoS, and WS, are direct band gap
semiconductors in their monolayer form, and indirect in bulk'**. They offer band gaps in
the red visible spectrum and semiconducting properties that expand the application of 2D
materials beyond what graphene alone can achieve®’. The presence of defects in TMDs
influences the photoluminescence spectra, electronic transport behavior and photosensing
capabilities® 2. Understanding the structure of defects is important for developing an
accurate picture of their impact on properties. Aberration corrected transmission electron
microscopy (AC-TEM) is one of the leading approaches to study the atomic structure of

defects in 2D materials®®.

With the availability of monolayer TMDs, detailed atomic level studies of vacancies in
MoS: and other S and Se based TMDs have been performed'*2*. However, no detailed
studies of the structure and dynamics of defects in bilayer TMDs have been reported. MoS»
or WS; bilayers have two natural stacking forms: 3R and 2H stacking with 2H dominating
due to energetic preference’>?°. Most of recent work has been focused on 2H stacking
structure and related optical properties 27 and few have been done on 3R stacked MoS; due

to its relative rarity®s.

Upon 80 kV electron beam irradiation of MoS, and WS, the S vacancies are created and

are also mobilized, resulting in point defects combining into line defects*® 232 The line
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defects in MoS: can extend in length and also in width. As the length of a 1SVL defect
increases, large lattice compression occurs to accommodate the loss of S atoms and change
in charge density around the Mo atoms. This also causes large out of plane distortion to the
monolayer sheet, similar to the buckling in graphene monolayers caused by dislocations®?.
The ability for monolayer sheets to buckle when defects are introduced plays an important
role in strain relief **. Recent work showed that heating graphene to high temperatures
causes the substrate it was attached to expand and produce tension on graphene®. This in
turn caused partial dislocations to occur because single dislocation cores are only stable
when accompanied by out of plane buckling. The ability for a 2D material to accommodate
buckling and defects is expected to be different as more layers are added, due to the
interlayer van der Waals forces. Unique interlayer interactions have been previously seen
in bilayer graphene with very small mismatch angles between the layers causing local
regions of commensurate and incommensurate stacking®®. Recent work showed that as the
width of line vacancies in MoS: increases, the rows of S vacancies lines are staggered from
top to bottom to enable stable bond restructuring'?. The reconstructed bonds have different
unit cell structure, and this will cause changes in the local van der Waals interactions with
the second layer in bilayer 2D systems. Furthermore, the compression associated with the
multiple stacked line vacancies in MoS; will cause local shifts in atomic positions
extending out from the defect region and this will give rise to competition between in-plane
compression around defects, and interlayer van der Waals forces and associated 2H and 3R

stacking phases.

In this study, MoS: samples are grown on Si substrates with 300nm oxide layer using

methods based on our prior work'2. Samples of MoS, are predominantly monolayer, but
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sometimes small bilayer domains are found. We study the structure and dynamics of
defects in bilayer MoS: from the point defects to aggregated clusters. Both 2H and 3R
stacked bilayers are examined due to their presence in the chemical vapour deposition
grown samples. Density functional theory (DFT) calculations are used to provide accurate
model structures for multislice image simulations to compare to the experimental phase

contrast AC-TEM images.

4.2 Results and Discussion

4.2.1 Monolayer-Bilayer Interfaces in 2H and 3R Stacked MoS; Bilayers

From the as-grown sample in Figure 4-1(a), monolayer and few-layer MoS: coexist and
are distinguished by optical contrast. Photoluminescence (PL) spectra in Figure 4-1(b) are
obtained from monolayer and bilayer regions marked by red and black in the inset,
respectively, further indicating the coexistence of monolayers and multilayers in our MoS»
sample. The SEM image in Figure 4-1(c) demonstrates nucleation of another MoS; layer
on top of the monolayer triangles. Low magnification TEM image indicates clear
boundaries between monolayer and bilayer regions which matches the optical microscope

result (Figure 4-1(d)).
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Figure 4-1. Optical images of a CVD growth of typical MoS; triangles on (a) SiO»/Si (300 nm)
substrate and (b) Photoluminescence spectra from monolayer and bilayer regions. (c) SEM image
in SE mode of triangular multilayers grown on top of monolayer MoS.. (d) Low magnification

TEM image showing an isolated triangular crystal on top of monolayer MoSo.

Two types of mono-bilayer step-edges were found in the AC-TEM images, Figure 4-2(a)
and (c), corresponding to 2H and 3R stacking respectively. The 2H stacked bilayer region
shows the expected AA’ ordering, while the 3R bilayer shows the AB stacking leading to
a more complex contrast pattern than the AA’. Multislice image simulations based on the
atomic models (Figures 4-2(e-h)) match the experimental ones, confirming the two
stacking structures, with the line profiles of the experimental and simulated images
compared in Figures 4-2(i1) and (j). AC-TEM images were processed by an 8 pixel
Gaussian blur, followed by a “find edge” filter, then another 8 pixel Gaussian blur, and

then using an “orange hot”-colored LUT, and finally, the contrast and brightness were
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adjusted. To match the AC-TEM image, the simulation was performed using 1.6nm
twofold astigmatism and 300 nm second-order coma (180°). The brightness and contrast
of the simulated images were adjusted according to the intensity of the known columns in

the experimental images
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Figure 4-2 AC-TEM images of the MoS; monolayer-bilayer step edge for (a, b) 2H stacking and

(c, d) 3R stacking. Atomic models from top and 3D view and corresponding multislice image
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simulations for (e, f) 2H stacking and (g, h) 3R stacking. (i) Boxed line profiles of the step edge in
(b) and (f). (j) Boxed line profiles of the step edge in (d) and (h).

4.2.2 Sulfur Vacancies in 2H Stacked MoS; Bilayers

We examine the presence of S vacancies in 2H stacked bilayer MoS», Figure 4-3. Electron
beam irradiation at 80kV is known to introduce sulfur vacancies in MoS,'*. Figure 4-3(a)
shows a typical AC-TEM image of 2H stacked bilayer, with visible weaker contrast spots
marked by the white and red arrows. The magnified images in Figure 4-3(b) and (c) show
two different levels of reduced contrast associated with single S vacancies (SVs) and
double S vacancies (DVs) in the same column. Atomic models of 1SV (grey) and 1DV
(red) from the DFT calculations are respectively shown in Figure 4-3(d) and (e) from both
top (colored ball) and 3D views (colored cross). Corresponding multislice image
simulations (Figure 4-3(f) and (g)) and the line profile analysis (Figure 4-3(h-1)) show
good similarity with the experimental images, confirming SVs and DVs in 2H stacked

bilayer MoSo.
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Figure 4-3 (a) AC-TEM image of single and double S vacancies in 2H stacked bilayer MoS»
marked by white and red arrows, respectively. Zoomed in HRTEM image indicating (b) Single S
vacancy and (c) Double S vacancy. (f, g) Multislice image simulations based on the DFT calculated
atomic models with (d) one missing S atom and (e) two missing S atoms in the Mo-S-S column,
respectively. The color key is SV=grey, DV=red. (h) Boxed line profiles at SV shown in (b) and
(f). (1) Boxed line profiles at DV shown in (c) and (g).

4.2.3 Line Defects in 2H Stacked MoS; Bilayers

Under prolonged electron beam irradiation, SVs and DVs in 2H bilayer MoS: increase in
density and start to aggregate into extended line defects as shown in Figure 4-4(a). The
line defects in 2H bilayer MoS: can exist in variable lengths along the zig-zag directions
and also gain width along the armchair direction, Figure 4-4(b-¢). The magnified AC-TEM
image in Figure 4-4(b) shows a 1SVL with length of 7SVs. The corresponding DFT-
calculated model from top and 3D views (Figure 4-4(f)) shows negligible in-plane or out-

of-plane lattice distortion triggered by losing seven S atoms in the bottom layer, which
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differs from the prior studies of 1SVLs in monolayer MoS,!. Two types of 2SVL are
observed, Figure 4-4(c) and (d), with different S reconstruction. Two corresponding DFT-
calculated models are evaluated (Figure 4-4(g) and (h)). Type A has 2SVL within only
one Mo$S; layer with alternate staggering across top and bottom S sites. Based on previous
report!?, the staggering configuration of two vacancy lines in the bottom layer are
energetically preferred. Type B has one 1SVL in bottom and the other in the top MoS»
layer to give an overall 2SVL defect spread across the two layers. The vacancy lines can
exist in either plane of each layer. DFT calculations indicate that no obvious out-of-plane
distortion occurs in either type A or B 2SVLs in the 2H bilayer, which is different to the
2SVL in monolayer MoS>. The observation of a type B 2SVL also indicates the
coexistence of S vacancies in both bottom and top layers in the 2H stacked MoS: bilayer.
In Figure 4-4(¢), a 3SVL is presented, showing similar structure as A-2SVL. The atomic
model relaxed using DFT calculations (Figure 4-4(i)) shows staggered arrangement of

SVLs in the bottom layer.

To quantify the lattice distortion introduced by each SVL in 2H bilayer MoS,, Figure 4-
4(n), we measured the boxed line profiles across (Mo/2S)-(2S/Mo)i1-(Mo/S)-(2S/Mo)>
columns as marked by green dashed rectangles for ISVL (A), A-2SVL (B and C), B-2SVL
(D and E) and 3SVL (F and G). The distance between each column is determined by fitting
Gaussian curves, and plotted for A-G in Figure 4-4(0-q). For 1SVL, the (2S/Mo):-(Mo/S),
(Mo/S)-(2S/Mo), and (2S/Mo)1-(2S/Mo), distances are 3.52, 1.83 and 5.38 A, respectively.
The negligible shrinkage compared with the column distances in pristine 2H bilayer MoS:
confirms minimal compression in the system when losing seven S atoms in a layer. Line

profiles along direction B and C, the left side SVL in A-2SVL, show no (2S/Mo)i-(Mo/S)
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distance change, but a slight drop in (Mo/S)-(2S/Mo). and (2S/Mo)1-(2S/Mo). distances.
However, for the right side SVL, the (2S/Mo)1-(Mo/S) and (2S/Mo):-(2S/Mo)> distance
shrinks to 3.04 and 4.90 A with small increase in the (2S/Mo)i-(Mo/S) distance. These
changes indicate greater compression is introduced between the two staggered SVLs. For
the right side SVL, the (2S/Mo)i-(Mo/S) distance increment indicating tension is caused
by the displacement of S atoms in (Mo/S) towards (2S/Mo) column. The direction D and
E in B-2SVL both show compression along the armchair direction. Compared with the A-
2SVL, no tension exists in the defective regions and the contraction is relatively smaller,
indicating the configuration having one sulfur vacancy line in each layer introduces less
strain into the bilayer system. The staggered 3SVL has expansion in (Mo/S)-(2S/Mo)»

distance and shrinkage in (2S/Mo):-(2S/Mo): distance as expected.
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Figure 4-4 (a) AC-TEM image showing the aggregation of S vacancies into extended line defects
along zigzag direction with different length and width. HRTEM images showing (b) 1SVL, (c) type
A-2SVL, (d) type B-2SVL and (e) 3SVL with defective region in yellow dashed rectangle and (f-
1) corresponding DFT-calculated atomic models. The S vacancies are marked by red in bottom and
green in top layer (colored balls in top view and colored crosses in 3D view). (j-m) Multislice
image simulations based on f, g, h and i, respectively. (n) Boxed line profiles taken along green
dashed rectangles marked as A-G. Scattered line graphs displaying the distance between (o)
(2S/Mo); and (Mo/S), (p) (Mo/S) and (2S/Mo); as well as (q) (2S/Mo); and (2S/Mo)s,.
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4.2.4 Differences Between Line Defects in MoS, Monolayers and Bilayers

Figure 4-5(a) shows multislice image simulation of 2H stacked bilayer MoS; with infinite
long 1SVL running through the bottom layer based on the DFT-calculated atomic model
in Figure 4-5(b). As discussed before, the introduction of 1SVL introduces negligible out-
of-plane and in-plane lattice distortion. To compare the difference between the SVLs in
monolayer and bilayer system, as shown in Figure 4-5(d), layer B is DFT-calculated model
for monolayer MoS; with 1SVL running through, another pristine MoS; monolayer is
manually placed on top to create similar 2H stacking configuration, taking the circled
column as the alignment point. The corresponding multislice image simulation in Figure
4-5(c) shows considerable lattice distortion on the right hand of the 1SVL, resulting from
the mismatch from two layers. Layer A and B are then extracted and stacked as shown in
Figure 4-5(e), the column circled by black is chosen as the alignment point. From the side
view, large discrepancy in the out-of-plane distortion between layer A and B can be
distinguished. To quantify the lattice mismatch in the system, 2D displacement maps from
X-, y- and z-axis are constructed in Figure 4-5(f-h), respectively. The reference point is
circled in white. The displacement maps show significant compression with increased
magnitude in the x direction. However, the lattice mismatch in the y direction is uniformly
distributed and relatively small. The displacement map in the Z-axis shows
centrosymmetric configuration with most significant Z-direction distortion in the defective
site and lowest in the reference point, further confirming large out-of-plane distortion

difference between the two layers.
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Figure 4-5 Multislice image simulations of (a) bilayer MoS, with 1SVL in layer A and (c) one
pristine monolayer on top of one defective layer B and (b, d) corresponding DFT-calculated atomic
models. (e) Atomic model of ‘bilayer’ composed by layer A and B. Two-dimensional displacement
maps along (f) x, (g) y and (z) direction, respectively, which are laid on top of simulated image
based on e. Alignment points are marked with black circle in image simulations and reference

points are marked with white circles in displacement maps.

We further measure the bond length of Mo-S in the defective site (shown in Figure 4-6).
For monolayer with 1SVL (Figure 4-6(a)), the Mo-S bond length along the defective site
ranges from 2.333 to 2.579 A, implying that the maximum increase or shrinkage of bond
length compared to pristine crystal (2.420 A) is 6.6%, which is 3.7% for the defective layer
from bilayer as shown in Figure 4-6(b). This proves less in-plane compression introduced
by 1SVL in bilayer system. Furthermore, the significant mismatch mainly derives from the
out-out-plane lattice distortion. Compared to the value of 2.41 in pristine MoS,, the
maximum bond length deviation for layer A and B is respectively 3.7% and 6.6%,
indicating that the compression in x direction also mainly comes from the out-of-plane
distortion. Therefore, SVLs in monolayer system introduces slightly larger in-plane lattice

deformation than those in bilayer counterparts. However, the main discrepancy between
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the defective layer in mono and bilayer is the out-of-plane distortion. The considerable
buckling introduced by SVLs in the monolayer MoSz> becomes insignificant in bilayer

system, mainly compensated by the interlayer van der Waals force.
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Figure 4-6 DFT-calculated models with 1SVL from both top and side view of (a) monolayer and

(b) defective layer from 2H stacked bilayer MoS,. Bond length is marked as white and green for
Mo-S (bottom plane) and Mo-S (top plane), respectively. Standard Mo-S distance bond length is
2.420A.

4.2.5 Dynamics of Sulfur Vacancies in 2H Stacked MoS; Bilayers

Sequential AC-TEM images in Figure 4-7(a) show dynamics of sulfur vacancies in 2H
stacked bilayer MoS; during 89s of electron beam irradiation. A different false color LUT
is applied to highlight every single S vacancies in each frame (Figure 4-7(b)). In Figure
4-7(c), grey scale image with red dots indicating SVs shows that during the first 25s, the
3SVL gains length in the B-zigzag direction. Vacancies initially aggregate along the A-
zigzag direction from 25s to 43s. For the latter 46s, large number of vacancies along B-
zigzag direction are quenched and the SVL transforms to 3SVL along the A-zigzag

direction. In the first 43s, newly ejected S atoms adjacent to the 3SVL are introduced under
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electron beam irradiation. In the next 46s, vacancies along B-zigzag direction get quenched

by free S atoms or migrate to A-zigzag direction.

Figure 4-7 (a) Series of processed AC-TEM images showing the evolution of S vacancies in 2H
bilayer MoS; over 89s (false color LUT used to highlight vacancies). (b) S vacancies highlighted
as darker spots using different false color LUT. (c) Grey scale image showing vacancy migration

and a 3SVL rotation from B-zigzag to A-zigzag direction (S vacancies marked as red dots).

4.2.6 Sulfur Vacancies in 3R Stacked MoS; Bilayers

The image frames shown from Figure 4-8(a-e) display the HRTEM image frames of 3R
stacking bilayer MoS: under different focusing conditions, with three columns (2S/Mo),
(Mo) and (2S) showing varying contrast. Multislice image simulations of 3R bilayer MoS;
ranging from Figure 4-8(f-j) are conducted using defocus spread of 5nm and various
defocus values to match the experimental results. For comparison, the simulated images of
2H bilayer MoS; (Figure 4-8(k-0)) are conducted using the same defocus values. This

provides additional evidence of the 3R stacking sequence existing in our sample.
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Figure 4-8 (a-e) HRTEM image showing unique contrast changes of 3R stacked bilayer MoS»
under various focusing circumstances. Multislice image simulations under defocus value of -2, 7,
-9, 10 and 4nm, respectively, for (f)) 3R and (k-o0) 2H stacked bilayer MoS,. The defocus spread

used is Snm.

Monolayer-3R stacked bilayer interface has also been observed in our study (Figure 4-9).
Figure 4-9(a) shows a typical AC-TEM image of 3R stacked bilayer MoS,, in which a
large number of bright spots (marked by white and purple arrows) and blurred regions
(marked by green and red arrows) are observed. Magnified AC-TEM images in Figure 4-
9(b-e) indicate single S vacancies SVi, SV2 and double S vacancies DV, and DV> as
blurred regions, bright spots, heavily blurred regions and brighter spots, respectively. The
existence of 3R stacked bilayer MoS; is confirmed by imaging the structure under different
defocus values, leading to contrast pattern variations that the 2H structure cannot exhibit.
The corresponding multislice image simulations under different defocus values match the
experimental results. Atomic models relaxed by DFT, Figure 4-9(f-i), and their
corresponding multislice image simulations, Figure 4-9(j-m) indicate that the blurriness is

due to losing one (SV1) or two (DV1) S atoms in a 2S/Mo column and the bright contrast

89/143



Thesis Si Zhou

is due to losing one (SV2) or two (DV3) S atoms in a 2S column. Intensity line profiles
along the yellow arrows in both simulated and experimental images are taken covering the
defective site. For both single S vacancies (SV1 and SV3), the Mo-Mo column distance
remains close to that in pristine 3R bilayer MoS: (5.4 A), implying nearly no compression
is introduced to the bilayer by losing one S atom. In contrast, a column distance shrinkage
of ~5% is observed for both DV and DV>, indicating small contraction caused by losing
both S atoms in 2S or Mo/2S columns. These results are consistent with the SV/DV in 2H
bilayer MoS,. Further confirmation of the existence of SV/DVs in 3R stacked bilayer MoS»
is obtained by measuring the peak intensity ratio at multiple defective sites as shown in

Figure 4-9(n-q).
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Figure 4-9 (a) AC-TEM image showing the distribution of S vacancies in 3R stacked bilayer MoS,.

The color key is SVi=green, DVi=red, SV.=grey, DV =purple. Zoomed in HRTEM image
indicating (b) SV1, (¢) SVa, (d) DV1and (e) DV.. (j, k, I, m) Multislice image simulations based on
the DFT calculated atomic models of 3R stacked MoS: bilayer with (f) one missing S atom and (g)

two missing S atoms in the Mo-S-S column, (h) one missing S atom and (i) two missing S atoms

in the S-S column, respectively. Vacancies are marked as colored balls in top view and crosses in

3D view. (n-q) Boxed line profiles taken along yellow dashed rectangles marked as A-H.
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4.2.7 Dynamics of Sulfur Vacancies in 3R Stacked MoS: Bilayers

Processed AC-TEM images in Figure 4-10(a) and (b) respectively highlight SV,/DV> and
SV1/DV as bright spots and dark regions. Bright SVs in bilayer 3R-stacked MoS; were
processed by fast Fourier transform (FFT) band pass (100-1 pixels) and then a Gaussian
blur of 12 pixels, followed by contrast adjustment. Dark S vacancies were processed by an
FFT band pass filter (100-1 pixels), then a Gaussian blur of 8 pixels, followed by a find
edge filter, and then another 6-pixel Gaussian blur, and then, the contrast was adjusted.
Figure 4-10(c) demonstrates the evolution of SV2/DV; (green) and SV1/DV (red) under
electron beam irradiation. The number of each SV is calculated as a function of time as
displayed in the histogram (Figure 4-10 (d)) and the plot (Figure 4-10 (e)). Throughout
the frames, the ratio of SVi/DV| to SV2/DV; increases from 2.5:1 to 4.9:1, indicating the
dominance of SVi/DVi. Therefore, for 3R stacked bilayer MoS», under 80kV irradiation,
the S atoms in the 2S columns are more stable and less likely to be sputtered compared to
those in the Mo/2S columns. Over 71s, the SV,/DV; number drops slightly, whereas the
density of SVi/DV increases especially in the last 37s. Hence, the most newly produced
SVi/DV; are derived from the prolonged irradiation. However, vacancy migration also
happens from SV,/DV; to SVi/DV1, implying vacancy migration between layers in 3R

bilayer MoSo.
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Figure 4-10 Processed AC-TEM images showing the evolution of (a) SV2/DV: as bright spots and
(b) SV1/DV: as dimmed regions over 71s. Bright SVs in bilayer 3R-stacked MoS, were
processed by fast Fourier transform (FFT) band pass (100-1 pixels) and then a Gaussian
blur of 12 pixels, followed by contrast adjustment. Dark S vacancies were processed by an
FFT band pass filter (100-1 pixels), then a Gaussian blur of 8 pixels, followed by a find
edge filter, and then another 6-pixel Gaussian blur, and then, the contrast was adjusted. (c)

Distribution of SV1/DV: and SV2/DV, marked as red and green spots, respectively. (d) Histogram

and (e) trend lines representing the number change of SV1/DV1 and SV2/DV; as a function of time.

4.3 Conclusion

AC-TEM imaging is conducted under accelerating voltage of 80kV, allowing production
and aggregation of vacancies as well as atomic level resolution of defective regions in

bilayer MoS,. DFT-calculated models prove the different production and migration
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mechanisms between sulfur vacancies in monolayer and bilayer system. The combination
of DFT calculation and displacement maps reveal that the main discrepancy between
defective monolayer and bilayer system is the out-of-plane lattice distortion. The ability
for the bilayer sheet to accommodate the buckling and compression caused by line defects
can be assigned to the competition between compression in one layer from the loss of S

atoms and the interlayer van der Waals force.
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Chapter 5

Anti-phase Grain Boundaries in Overlapping MoS2 Secondary

Layers

5.1 Introduction

MoS; is a semiconducting transition metal dichalcogenide (TMD) with a direct band gap
in monolayer form, and indirect in the bulk.!** It offers a band gap in the red visible
spectrum and semiconducting properties that expand the applications for 2D materials
beyond what graphene can achieve.”’ Moreover, large-area monolayer MoS> can be
synthesized using CVD?*!!, making it a promising candidate for building atomically thin,
layered electrical, optical, and photovoltaic devices.!?'® However, in the production of
large-area 2D materials, grain boundaries (GBs) are inevitably produced between randomly

oriented crystal domains within a polycrystalline film.!”!

Conventional GBs in 3D polycrystalline and nanocrystalline solids influence their
mechanical, physical and chemical properties.?>?! The general effects of GBs on the
properties of 2D materials can be assigned to GB dislocation cores, the orientation
mismatch between grains and the in-plane and out-of-plane strains introduced.?> GBs in
graphene are usually formed by dislocation cores consisting of pentagon-heptagon ring
pairs.?*>> The presence of GBs can also lead to detrimental effects on some properties of
graphene, including reduced electron mobility,?** thermal conductivity,*® and reduced
ultimate mechanical strength.>! Conversely, GBs in graphene can also be beneficially

exploited via controlled GB engineering.
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Recently, GBs have been shown to play an important role in reducing the charge carrier
mobility in monolayer MoS>.** These extended defects can act as undesired sinks for
carriers, increasing their scattering and degrading electrical performance.**>° Individual
GBs can also strongly affect the photoluminescence of MoS, monolayers and alter their in-
plane electrical conductivity.>® All of these effects strongly depend on the GB tilt angles
and the local doping and strain introduced by dislocation cores.*® Therefore, atomic
structure analysis of these GBs can facilitate tailoring the properties of MoS; via controlled
defect engineering. Dislocation cores in monolayer MoS; vary in configuration due to the
Mo-S bonding characteristics. Structures including 5-7, 4-4, 4-6, 6-8 and 4-8 rings are both
theoretically predicted and have been experimentally observed,***! and are dependent on
the local Mo/S source concentration as well as the tilt angle.’” Furthermore, the

misorientation angle of the tilt GB ranges from 0° to 60° due to the 3-fold symmetry of

MoS; lattice.3¢4!

The 60° GBs (also denoted as antiphase boundaries), are of particular interest as they form

36-39,41,42 and act as

one-dimensional metallic wires in a semiconducting MoS> matrix,
conductive channels that have a profound influence on both transport properties and
exciton behavior of the monolayers.?”*** Experimental studies have shown that a single
60° GB can enhance the in-plane electrical conductivity and substantially quench the local
photoluminescence.* Structural studies at atomic resolution have revealed that these GBs
introduce mirror symmetry between two grains, which are connected predominantly
through lines of 8- and 4-membered rings.>’” Inversion domains surrounded by these 60°

GBs are formed by annealing TMD monolayers at high temperature.** However, the micro-

nanoscale distribution of the defects in antiphase GBs and their correlation to the
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propagation direction of the GB has yet to be studied in sufficient detail to gain an overall
picture of their behavior. Furthermore, the nanoscale-microscale density and distribution
of 4- and 8-rings associated with specific directions in the antiphase GB with atomic level
detail has not been fully clarified. A few studies have described the growth mechanisms of
grain boundaries in MoS; and graphene.*****¢ Studies of monolayer h-BN have shown that
in polycrystalline regions two merging domains can have overlapping interface rather than
atomically bonded.*” Recent work has used ADF-STEM to study the strain maps around
mirror twin grain boundaries in MoSe; bilayers with small grain boundaries and inversion
domains, revealing strain relaxation within the local GB area.*®* However, the
understanding of the behavior of GBs in monolayer-bilayer stacks on a larger size scale

with dimensions extending to micron distances has yet to be explored in detail.

In this study, MoS» samples were grown on Si substrates with a 300nm oxide layer using
methods previously described.** The samples of MoS> produced were predominantly
monolayer, with occasional small bilayer domains on top of the larger monolayer film. We
used annular dark field scanning transmission electron microscopy (ADF-STEM) to probe
the atomic structure of antiphase boundaries in both MoS> monolayers and bilayers and
have studied the 4-ring and 8-ring defects and their relationship with the meandering GB.
We have also studied how an antiphase GB propagates from a monolayer to a an
overlapping bilayer domain leading to modification of the 2H and 3R bilayer stacking
configurations and possible growth processes for differently orientated antiphase
boundaries in MoS; monolayers are discussed. Density functional theory (DFT)

calculations have been used to provide accurate model structures for multislice image
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simulations for comparison with the experimental ADF-STEM images in order to

understand the impact of van der Waals forces.

5.2 Results and Discussion

5.2.1 Tilt Grain Boundaries in MoS2 Bilayers and Monolayers

Figure 5-1(a) shows a schematic illustration of how two rotated monolayer MoS: grains
(A and B) can meet to form a tilt grain boundary, as highlighted red in the second panel. A
secondary MoS; layer (C) nucleates on top of grain B and then continues growing to finally
overlap across the top of grain A. This should lead to a GB section where one side has well
defined stacking of 2H or 3R, and the other side has a Moiré&pattern with the orientation
mismatch corresponding to the GB tilt angle. The low magnification ADF-STEM image in
Figure 5-1(b) shows a region where a secondary MoS; domain has grown across a tilt GB
in the underlying monolayer. Figure 5-1(c) shows the ADF-STEM image of the tilt GB in
the monolayer MoS;, taken from the red boxed area in Figure 5-1(a), revealing a 17° tilt
angle, Figure 5-1(d). The bright nanoparticles in Figure 5-1(b) are Pt and were
intentionally deposited to help locate the GB regions easily in ADF-STEM. The ADF-
STEM image in Figure 5-1(e) shows the overlapping bilayer MoS; region, with the green
line indicating the GB position. Figure 5-1(f), g shows the atomically resolved ADF-
STEM images of the GB in the overlapping region, with 3R stacking at the top and Moiré
pattern below. This establishes that bilayer domains can grow across GBs that already exist
in monolayer MoSz. We now focus the rest of our study to anti-phase GBs, examining
overlapping bilayer regions at antiphase GBs, as well as the nanoscale structure of anti-

phase GBs in monolayers.
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Figure 5-1 (a) Schematic illustrations showing how a secondary MoS, layer C grows across the
GB between two rotated grains A and B, forming the overlapping bilayer GB region. (b) ADF-
STEM image of a tilted GB in a monolayer MoS; region with an overlapping bilayer section (c)
ADF-STEM image from the red boxed region in (b) showing the tilted GB (17°) in the monolayer
MoS,. (d) FFT from (c) showing the two sets of spots, giving tilt angle of ~17°. (¢) ADF-STEM
image showing the overlapping GB area from (b), with the GB indicated by the green line. (f) ADF-
STEM image from the red box area in (e) showing the overlapping bilayer GB has 3R stacking on
its nucleation side (top) and Moiré pattern on the overlapping side (bottom). Inset shows FFT of
the image with 17° mismatch within the two layers comprising the Moiré pattern, correlating to the

tilt angle. (g) Higher magnification ADF-STEM image from the red box area in (f).
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5.2.2 Antiphase Grain Boundaries in MoS; Bilayers and Monolayers

The schematic in Figure 5-2(a), shows a secondary layer (C) growing on top of grain (B),

which meets a 60° rotated grain (A) forming a grain boundary highlighted in red. Layer (C)

approaches the GB during growth (Figure 5-2(b)) and finally reaches and grows across the
GB (Figure 5-2(c)). Figure 5-2(d) shows the atomic model of the secondary layer on top
of both grain A and B corresponding to Figure 5-2(c) which demonstrates that the GB is

an antiphase GB, which introduces a 60° lattice rotation in the monolayer region (Figure

5-2(e)). The bilayer region exhibits a 2H-3R stacking sequence with the antiphase
boundary at the interface between these. Hence, a stacking sequence change is predicted
when the secondary layer grows across the antiphase boundary. The SEM image in Figure
5-2(f) shows several secondary layers grown on top of the GB (indicated by yellow dashed
circles). A low magnification ADF-STEM image over a large field of view of a region is
shown in Figure 5-2(g) and (h), showing an antiphase GB in MoS, that exists within the
larger monolayer that also propagates through regions containing bilayers (zone C and E).
The mono-bilayer interface at zone B is magnified in Figure 5-2(i). Pt nanoparticles were
formed at the GBs during the TEM sample preparation stage to help find the GB location
at lower magnification, but do not impact the results of the interlayer stacking structure
presented in this work. In the bilayer region, both 2H and 3R stacking sequences are
observed with the antiphase GB at the interface. Magnified images at zone A and C are
displayed in Figure 5-2(j) and (K), respectively. Figure 5-2(j) shows octagonal and
quadrangular configurations as the structural building blocks of the antiphase boundary in
monolayer. The same dislocation cores in bilayer region lead to sharp stacking transition

from 2H to 3R in Figure 5-2(k). Schematic in Figure 5-2() demonstrates that the 4-
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member ring embedded in the bottom layer of a bilayer system has more significant in-

plane contraction, contributing to perfect stacking sequences.

Monolayer film

Grain boudary

N

N/

* Bilayéerisiands e

Dilated GB (1D)
when monolayer

214 Jayer
Stacking fault (2D)
2H stacking 'Q 3R stacking

_ Contracted GB (1D)
1nm* when bilayer

Figure 5-2 (a-c) Schematics showing a secondary MoS; layer C growing across the GB between

two 60° rotated grains A and B. (d) Atomic model based on the schematic in c. (¢) Magnified image
of the model showing the antiphase GB in both monolayer and bilayer regions. (f) SEM image of
several secondary layers grown on top of GBs, one of which is formed between two 60° rotated
grains as indicated. (g) Low magnification ADF-STEM image of continuous monolayer MoS, with
scattered bilayer islands suspended on holey SiN TEM grid. (h) Intermediate magnification ADF-
STEM image showing the propagation of a GB through monolayer and bilayer regions. Zones along
the pathway of the GB are marked as A-F. Al, A2, Z1 and Z2 represent armchair and zigzag
directions. (i) ADF-STEM image of the GB in both monolayer and bilayer regions. Overlaid lattice
diagrams show a 60° rotation for the monolayer grains and different stacking sequences in the
bilayers. (j and k) Magnified images of zone A and C, respectively. (1) Schematics showing the

contraction difference between the 4-member rings in monolayer and bilayer systems.

104 /143



Thesis Si Zhou

5.2.3 Dislocation Cores

Higher magnification ADF-STEM images of Zone A and C with the antiphase boundaries
are shown in Figure 5-3(a) and (d), respectively. In the monolayer region, the antiphase

GB introduces a mirror symmetric domain rotated by 60° with respect to the original lattice

and in which the Mo and S sites are swapped. The overlaid atomic structure in Figure 5-
3(b) indicates that the antiphase domains are joined by edge-sharing 4- and 8-member rings,
similar to prior reports on MoS> GBs.* For the 4-member ring structure, Mo atoms retain
6-fold coordination whereas the S atoms change from 3-fold to 4-fold coordination
changing the local stoichiometry from MoS, to Mo4Se along the antiphase GB.*¢ For the
bilayer system, superimposed atomic structures shown in Figure 5-3(¢) reveal two distinct
stacking sequences denoted as 2H and 3R when one layer is overlaid on the other layer
including the antiphase GB. The 4-member ring retains its configuration, whereas the 8-
membered core appears as 6-4-4 motif in projection due to the 3R stacking sequence on
the right-hand side of the boundary. The 4-member rings in both monolayer and bilayer
regions are compared in detail in Figure 5-3(c) and (f). The S-S and Mo-Mo (monolayer)
or (Mo-2S)-(Mo-2S) and (2S-Mo)-Mo (bilayer) column distances were using boxed
intensity profiles along the zigzag (A and C) and armchair (B and D) directions. Average
values were obtained through multiple measurements from different regions. Due to the
lattice distortion along these two directions in our experimental images, the distance
measurement was normalized using the pristine MoS; lattice parameter as a reference.
Within the 4-member ring in the monolayer, the S column distances show similar values
(3.13A vs 3.18A), whereas a ~24% shrinkage in Mo column distances is observed in the

bilayer.
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Figure 5-3 (a) ADF-STEM image of an antiphase GB in monolayer MoS,. (b) The same region
with the atomic structure overlaid. (¢) The region shown in (a) with an inset showing the column
distances in a 4-member ring. (d) ADF-STEM image of an antiphase GB in bilayer MoS. (¢) The
same region with the atomic structure and insets showing the dislocation core structure. The inset
shows the column distances in a 4-member ring. (f) The region shown in (e) with an inset showing
the column distances in a 4-member ring. (g-j) Boxed line intensity profiles taken along the
directions A-D, respectively. Regions indicated by yellow boxed areas in (c) and (f). All distances

are normalized by the lattice parameters of pristine MoS, monolayers.

To further study the reduction of the Mo-Mo distance in the 4-member rings, DFT
calculations of both monolayer and bilayer MoS: systems were performed with a 4-4 chain
along the zigzag direction as shown in Figure 5-4. A multislice image simulation based on
the DFT relaxed model of the bilayer system is shown in Figure 5-4(d) and compared with
our experimental image (Figure 5-4(c)). Boxed line intensity profiles were taken along

direction 1 and 2 in both simulated and experimental images and show excellent agreement.
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These results confirm that the antiphase boundary defects in the bottom layer lead to the
atomically sharp transition between 2H and 3R stacking sequences. Figure 5-4(a) and (b)
compare the antiphase GB structure in the bottom layer of a bilayer and a monolayer,
respectively. Insets in Figure 5-4(a) and (b) show the bond lengths, indicating negligible
difference in S-S column distances but a large discrepancy in Mo-Mo column distances
(2.25A for the monolayer and 1.85A for the bilayer corresponding to a shrinkage of ~ 22%)),
which is similar to our experimental observations. Similar phenomena have been reported
in monolayer graphene, where a ridge structure was found to separate fcc and hcp domains
of a graphene/Ni(111) interface.”® This bulging of graphene from the Ni(111) substrate
facilitates matching of these two stacking sequences in a continuous film without any
topological defects. In our case, this local in-plane compression perpendicular to the
antiphase GB enables matching of the 2H and 3R stacking without any large out-of-plane

distortion.
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Figure 5-4 DFT-relaxed models of a monolayer antiphase GB (a) extracted from a bilayer and (b)
from a pure monolayer. The insets show the column distances in the 4-member rings. (¢c) ADF-
STEM image of a bilayer region with an atomically sharp 2H-3R stacking interface from the
antiphase GB in one layer. (d) Multislice image simulation based on the atomic arrangement
calculated in (e) from the DFT-relaxed model. The position of 4-member defects is highlighted in
red. (f and g) Boxed intensity line profiles taken from (c) experimental and (d) simulated images
along the directions marked 1 and 2, respectively. Widths of boxes are indicated by the brackets in

(c) and (d).

5.2.4 Propagation Direction

Figure 5-5(a) shows a long section of the antiphase GB in a monolayer with different
directions. The propagation direction of each segment is tilted from the zigzag direction by
an angle 0, which ranges from 6.4° to 21.5° (as shown in Figure 5-5(b-¢)). The defects are
highlighted in each segment and their numbers are shown in Figure 5-5(f). The 4-member

rings outnumber the 8-member rings in all segments, and the ratio (N8/N4) is as low as

0.33 for Figure 5-5(b) and as high as 0.51 in Figure 5-5(¢). The ratio (N8/N4) as a function
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of 0 (Figure 5-5(g)) shows increased octagonal ring density with increasing 0. At the
atomic level, 4-member rings provide GB propagation along the zigzag direction, whereas
the 8-member rings provide arm-chair propagation, and the combination of these
determines the arbitrary direction propagation. The ratio would equal 0 and 1 respectively

if the GB propagated along the zigzag (6 = 0°) and the armchair direction (6 = 30°),

respectively. Antiphase GBs act as 1D metallic wires embedded in the semiconducting
MoS; matrix and kinks induce significant changes to the electronic behavior of a GB.?’
Alternatively, an antiphase GB has been reported to be n-doped due to the local Mo-rich
environment arising from 4-member rings.>**’ The n-doped GB shows significant PL

36

quenching due to an increased electron density,” suggesting that lower PL intensity

quenching could be achieved with a higher 8-member ring density.
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Figure 5-5 (a) ADF-STEM image of an antiphase GB in bilayer MoS,, tracked by the Pt cluster

decoration. Segments deviate from zigzag directions by an angle, 6 between (b) 6.4°, (¢) 9.6°, (d)
17.5°, (e) 21.5°. Specific directions (Z for zigzag, GB for propagation and A for armchair) are
indicated. (f) Histogram of 4- and 8-member rings varying with 0. (g) ratio of 8-ring/4-ring in b-e

as a function of 0.
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5.2.5 Growth Mechanism

We now discuss a possible growth process that could lead to antiphase GBs between
multiple grains. Figure 5-6(a) shows an SEM image of MoS; grains with irregular shapes.
The morphological irregularity is attributed to various factors including: growth
temperature, presence of impurities, local Mo/S source concentration fluctuation and
substrate effects. Two groups of grains, each of which contains three grains, are of

particular interest. In each group, two grains sharing a common orientation exhibit a 60°

rotation with respect to a third grain. Three grains can merge (as indicated in Figure 5-6)
and a meandering antiphase GB forms at a certain stage of growth. These observations are
consistent with the GB formation mechanism described by Huang et al.”! Initially, a group
of grains with S-terminated zigzag edges nucleate on a bare substrate (Figure 5-6(b)). The
edges of each grain subsequently grow at uneven speeds and hence the grains show
irregular morphologies (Figure 5-6(c)). Two grains with the same orientation then merge

(Figure 5-6(d)) and continue to grow until they contact the 60° rotated grain (Figure 5-

6(e)). As shown in Figure 5-6(f), this mechanism gives rise to two segments of an

antiphase GB with an angle of ~95° between the grains and a special 8-member ring at the

apex that facilitates the large directional change of the antiphase GB.
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Figure 5-6 (a) SEM image in SE showing the irregular shape of MoS; domains grown on a Si/SiO»
wafer by CVD. Grains are superimposed with atomic structures to indicate orientation differences.
Angles shown are relative to the reference domain in each group. The meandering antiphase GBs
formed by merging grains are highlighted by red. (b-f) Schematic atomic models illustrating the
growth process of two antiphase GBs with a turning angle of ~95° which are connected by one 8-

member ring at the apex.

5.2.6 Swap of Stacking Sequences in MoS2 Bilayers

Figure 5-7(a) shows the top side part of Figure 5-2. Figure 5-7(b) shows magnified zone
D where a large directional change of the antiphase GB occurs, similar to that proposed in

figure 6. At this location two antiphase GB segments (GB1 and GB2) meet with a rotation

angle of ~104°. Both segments show a similar tilt angle (21.5° and 22.5°) from their
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respective zigzag directions, indicating a negligible difference in the 8-member ring
density. The meeting point of the antiphase GB is examined at the atomic-level in Figure
5-7(c) and (d), qualitatively matching the structure in Figure 5-7(f). Figure 5-7(e-g)
compare the 8-member ring at the turning point to those in the other sections of the GB.
Mo atoms in the alternative positions (Mol and Mo3 or Mo2 and Mo4) connect 4-member
rings along the same zigzag directions, whereas neighboring Mo atoms (Mol and Mo4) at
the meeting point facilitate directional switching from Z1 to Z2. Figure 5-7(h-j) show how
the change in angle of the antiphase GB influences the same bilayer domain by examining
zones C, F and E. Zone C, which is associated with GB1 direction has the 2H:3R change
(Figure 5-7(h)), and the 3R stacking is maintained all the way to zone F (Figure 5-7(i)),
but at zone E (associated with GB2 direction), we see a reversal of the stacking from 3R:2H
(Figure 5-7(j)). However, Figure 5-7(k) shows a region at the zone G, within the bilayer
where the antiphase GB has another sharp turn and this induces local 2H-3R-2H changes.
The 3R section in the middle, Figure 5-7(k), has blurred lattice contrast, indicating poor
lattice registration within the 3R stacking, which is due to the competing strain effects of

the GBs in different directions.
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Figure 5-7 (a) Low magnification image showing the top-side part in figure 2h. (b) ADF-STEM
image showing large turning angle for an antiphase GB. Armchair (Al and A2), zigzag (Z1 and
Z2) and propagation directions (GB1 and GB2) are marked in white, blue and red, respectively. (c)
ADF-STEM image showing the apex of the two antiphase GB directions. (d) Schematic illustration
of the pathway of the antiphase GB superimposed on the ADF-STEM image in (b). (e-g) 8-member
defects that enable GB kinks, superimposed with atomic structures. Images are taken from the
boxed areas in (e) the left-hand side (f) the center and (g) the right-hand side of the apex of two
antiphase GBs. (h-j) ADF-STEM images showing how the large GB turning angle impacts the
bilayer 2H and 3R stacking from zones C, F and E. (k) Region at the end of zone E, where the GB
takes another large turn and causes local stacking changes of 2H and 3R. Contraction directions

described in the text are indicated by green and blue arrows.
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5.3 Conclusion

We have demonstrated that the propagation of an antiphase GB from a MoS2 monolayer
into a bilayer region causes atomically sharp stacking changes from 2H-3R, which is
reversed upon a second antiphase GB crossing. Antiphase GBs within the monolayer
section can propagate with arbitrary direction by the combination of 4-fold and 8-fold rings,
where the ratio depends upon GB angle relative to the zig-zag lattice direction of MoS..
Large turning angles of the antiphase GB were also observed and are mediated by a specific
8-member ring defect that has different positions of the attaching 4-member rings.
Antiphase GBs in the MoS: bilayer region exhibit larger lattice shrinkage along the Mo-
Mo direction compared to the pure monolayers which is confirmed by DFT calculations.
Overall, our data show that there is an energetic competition between a perfect 2H-3R
stacking interface and buckling, in which interlayer van der Waals forces cause a reduction
in buckling in MoS: due to antiphase GBs in order to achieve atomically sharp 2H-3R
stacking sequences in the bilayer. These results provide a detailed characterization of
antiphase GBs in monolayer MoS; and will help guide the understanding of their structure-

property correlation.
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Chapter 6

Surface Ripples in Transition Metal Dichalcogenide Bilayers

6.1 Introduction

Layered materials, such as graphite and transition metal dichalcogenides (TMDs) are
stacked through weak interlayer van der Waals interactions'. For 2D TMDs such as WS;
and MoS,, their bilayer structures offer an extra layer degree of freedom, which introduces
performance enhancements compared to the monolayer counterpart’*. For example, few
layer MoS, show higher carrier mobility and perform better in gas sensing>¢. Interaction
between MoS; or WS; layers as well as the specific stacking arrangement can significantly
modify their electrical, optical and vibrational properties®’. 2H stacking and 3R stacking
are two predominantly existing stacking forms>!°. Previous studies have shown that these
differently stacked MoS> have distinct properties in terms of Raman and RL!'!"'3. The
stacking alters the band gap, which can be engineered by rotating or sliding the layers'*!°.

Therefore, the control of TMD bilayer stacking is significant when considering their future

device applications'®.

In previous studies of layered materials, evidence for the coexistence of domains with
different stacking orders were reported!’2°. For example, domains with mirrored AB and
AC stacking were synthesized in BLG'®. An atomically sharp interface, which was denoted
as an antiphase grain boundary, was observed in between of 2H and 3R stacked MoS:
bilayer regions'’. However, the AB and AC stacking boundary in graphene bilayer is not

atomically sharp but instead nanometer-wide strained channels in the form of ripples'?,
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which have been intensively observed and studied as a strain relaxation mechanism in

graphene and TMD monolayers®!'*

. These corrugations are formed through thermal
vibrations, edge instabilities, thermodynamically unstable interactions, strain, thermal
contraction and pre-strained substrate-relaxation®. The studies of rippling in 2D materials
were used to modify their electronic, mechanical, optical, surface and chemical properties
of layered crystals?’~*7. For the TMD bilayers, surface ripples in MoS, multilayers, denoted
as ripplocations, have been observed*. However, detailed atomic structure of this surface
ripple between perfect stacking orders has not been investigated. It is not known about the
relationship between the morphology of the ripples in the bilayers and the corresponding
lattice registration. One more unsolved issue is how these ripples behave under high
temperature and prolonged beam irradiation. As an important step to reveal the contribution
of these unique transition stacking boundaries to the properties of TMD bilayers, it is

necessary to visualize their morphologies, to identify and analyze their atomic structures,

as well as to study their dynamics.

In this study, MoS, and WS, samples were grown on Si substrates with a 300nm oxide
layer and later transferred onto an in-situ heating holder using methods previously
described!”*®. The samples of MoS> produced were predominantly monolayers, with
occasional small bilayer domains on top of the larger monolayer film. Upon heating, we
used annular dark field scanning transmission electron microscopy (ADF-STEM) to
systematically analyze the morphology of the stacking boundaries in MoS; and WS;
bilayers, from micrometer scale down to atomic level. The experimental results together
with atomic models and corresponding simulations have evidenced the transition stacking

boundaries as surface ripples. We also studied the reversibility of these ripples under
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heating and cooling cycles and their stability under prolonged beam irradiation, providing

a full view of these corrugations in TMD bilayers.

6.2 Results and Discussion

6.2.1 Morphology of Surface Ripples in bilayers

Figure 6-1(a) displays an as-grown sample of MoS, monolayers, with scattered secondary
layers grown on top as indicated. The sample was transferred onto in-situ heating chips for
STEM observation which contains SizNa thin film with slits cut in as shown in Figure 6-
1(b). The slits were covered by transferred MoS: bilayers. A closer observation of the
suspended region is displayed in Figure 6-1(c) and (d), showing the uniform and perfect
lattice registration of two MoS; bilayers. The boxed regions are further zoomed in in
Figure 6-1(e) and (f), suggesting the stacking sequences are 2H and 3R, respectively.
Figure 6-1(g) and (h) show corresponding atomic models from both top and bottom views
of 2H and 3R stacking sequences, respectively. For MoS, monolayers or bilayers, their flat
and uniform morphologies from the macroscale view correspond to perfect stacking orders

at the atomic level.

122 /143



Thesis Si Zhou

Figure 6-1 (a) SEM image in SE mode showing as-grown MoS, monolayers with scattered
secondary layers. (b) SEM image showing a MoS, bilayer region transferred onto the in-sifu heating
chip with part of the secondary layer suspended on the Si3N4 film. (c and d) ADF-STEM images
showing two uniformly stacked MoS, bilayer regions and corresponding zoomed in images
showing (e) 2H and (f) 3R stacking sequences. Atomic models displaying the top and side views
of (g) 2H and (h) 3R stacking sequences.

Figure 6-2(a) shows a WS, bilayer suspended on a slit in the in-situ heating chip. Contrast
variations showed up when the sample was heated to 500<C, and the boxed region in Figure
2a is zoomed in in Figure 6-2(b) in false color showing the contrast variation. The green
boxed area is magnified in Figure 6-2(d) showing the mono-bilayer step edge, which
evidences that the morphology changes under heating in the bilayer region and the brighter
region shows perfect 3R stacking sequence. In addition, Figure 6-2(c) shows that the bright

region is periodically spaced by dark strips. These strips are nanometers in width and
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spaced with an average distance of 25nm as shown in Figure 6-2(e), indicating the

nanometer-wide transition regions between ordered stacking domains.

Intensity

25 . 50 75
Distance(nm)

Figure 6-2 (a) Low magnification ADF-STEM image showing a WS, bilayer under 500 <C and (b
and c) corresponding magnified images showing the darker contrast stacking boundaries. (d) High
magnification ADF-STEM image showing the mono-bilayer step edge in the green boxed region

in b. (e) Line intensity profile taken from c across the ripples.

Figure 6-3(a) shows another MoS, monolayer with scattered triangular bilayers suspended
on the slit of the in-situ heating chip. The yellow boxed area is magnified in Figure 6-3(b),
showing the monolayer-bilayer step edge. Figure 6-3(c-f) displays the same area as boxed
in Figure 6-3(a) during the in-situ heating. The triangular bilayers show uniform
configuration under room temperature as shown in Figure 6-3(c). Figure 6-3(d) shows
that upon heated to 300°C, contrast variation comes into scene in the bilayer region,

indicating the formation of transition regions, which build up their volume upon heated to
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600°C and 900°C as shown in Figure 6-3(e) and (f). However, no visible contrast change
is observed in the monolayer region, implying that the transition regions form as surface

ripples which only reside in the top layer.

bilayer monolayer

Figure 6-3 (a) Low magnification ADF-STEM image showing a monolayer MoS, with scatter
secondary layers suspended on the heating chip, the yellow boxed region is zoomed in in (b)
showing the monolayer-bilayer step edge. (c-f) The white boxed region in a showing the ripple

formation under in-situ heating.

6.2.2 Formation Mechanism

Figure 6-4(a) displays a schematic showing a bilayer sample newly transferred onto the
in-situ heating holder. A residual water layer was formed during the transfer process
between the sample and the heating holder. During the sample baking, as the in-plane
thermal expansion coefficient (TEC) of MoS: bilayer is higher than that of Si3N4 film, the

sample exhibits more in-plane expansion as shown in Figure 6-4(b). However, due to the
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lubrication effect of the water layer, no compressive strain is introduced into the bilayer
system (Figure 6-4(c)). As the sample is cooled down to the room temperature, as indicated
in Figure 6-4(d), tension is introduced into the bottom layer as the sample contracts more

than the heating holder, resulting in the tensile strain in transferred sample.

Kl 20°C b 150°C
Top expansion expansion
Bot ————— S - —— — i
Water —— e |
Sub [ ~— I I —
c| d
150°C 20°C
contraction contraction
—
[ - — tension - —

Figure 6-4 Schematics from the side view showing the formation process of residual tensile strain

in the bilayer sample transferred onto the in-situ heating holder.

Figure 6-5(a-c) show schematics illustrating the formation of surface ripples in the bilayer
materials. As explained in Figure 6-4, the bilayer sample transferred onto the in-situ
heating holder has residual tensile strain in the bottom layer (Figure 6-5(a)). During in-
situ heating for ADF-STEM observation, as temperature rises, tensile strain in the bottom
layer is gradually released and compressive strain in the top layer builds up (Figure 6-5(b)),
leading to the formation of surface ripples which are more energetically favorable than
condensing all the atoms in the same plane (Figure 6-5(c)). Figure 6-3 displays that no
contrast variation was observed in the MoS, monolayers on the heating chip upon heating,
confirming that the ripples exist only in the top layer of the bilayer system. The
corresponding atomic models are shown in Figure 6-5(d) and (e). With no compressive
strain in the top layer, the bilayer is completely flat and is perfectly stacked as 3R(a) phase,

two sulfur columns are selected and circled in red as the references, the distance between
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which is Lo. When compressive strain is applied in the top layer along the armchair
direction, the secondary layer rises and transition stacking boundaries form. Perfect 3R(a)
and 3R(b) stacking sequences are observed in Figure 4e with a transition stacking boundary
region with a width of Li(Lo-a). The relative lattice shift of a (1.82A) introduced by the
out-of-plane dislocation in the top layer over a distance of L results in the stacking
sequence swapping from 3R(a)-3R(a) to 3R(a)-3R(b) and a ripple in between with the
width of Lo-a. In this case, the compressive strain in the top layer is calculated as :'—0 =

a

P %:5.6% and released due the to the ripple formation.

M compression
— — j
== ; EEEE expansion
tension released =
a compression released | C
Bot -
Syp == tension . BN tension released N

OO <O

\A" )
. ' 2

: o o c o o 26,
.\ ‘. ‘. "\.‘..\.‘.947)
. WP, . .\ ‘..\.6“.
o" 0% 2439243020302, 34243":
8243 "o "c"‘o"‘o PEPES

(PR PR P PR P PR
\'a'\. ' \.‘ .a.\'o.ﬂ..)
8o, b, PRAPASRS

BB DD |l

| L=L,-a(a=1.824) |

Figure 6-5 (a-c) Schematics from the side view showing the formation process of ripples under
sample heating. Atomic models from both top and side views showing the stacking sequences of

the bilayer system with (d) no strain (e) a ripple in the top layer.
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6.2.3 Atomic Structures

In order to further visualize the detailed atomic structures of the transition stacking
boundaries, a bilayer region with both transition regions and ordered stacking regions is

observed under 500°C and displayed in Figure 6-6(a), the boxed area is taken a closer

observation in Figure 6-6(b), indicating that the contrast difference from the macroscale
view is attributed to the lattice registration difference between the 3R stacking and stacking
boundaries. High magnification ADF-STEM image in Figure 6-6(C) is taken across the
transition region, with both ends showing 3R stacking sequences. Taking the Sulfur atoms
as the references, the distance between the most neighboring 3R phases is measured as
9.04nm, also indicating the width of the transition region. A reasonable atomic model of a
bilayer system with a ripple in the top layer is constructed, the 3D, top and side views are
shown in Figure 6-6(d). Corresponding ADF-STEM image simulation in Figure 5¢ shows
similar morphology with that in Figure 6-6(c), with 3R phases on both ends and dot-like
Moir¢é pattern in between. Their detailed structure configurations from both experimental
and simulated results are displayed in Figure 6-6(f-h) and Figure 6-6(i-k), respectively.
The distance of the stacking boundary is calculated as 9.10nm, which matches well with
our experimental result, confirming that the brighter region is 3R stacked and the dark strip

is transition stacking boundary with non-perfect stacking order. In such case, the applied

a a

local compressive strain in the top layer due to heating is calculated as == =—,
Lo Li+a Li+a

which is 1.96% for simulation and 1.97% for the experiment.
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Figure 6-6 (a) Low magnification ADF-STEM image of a MoS, bilayer region under 500° C

showing both ordered stacking domains and transition regions, the boxed area is zoomed in in (b)
showing lattice registration. (c) Higher magnification ADF-STEM image taken from the boxed

region in b showing 3R stacking sequences with boundaries.

Figure 6-7 and Figure 6-8 show similar rippling morphologies and corresponding local
lattice registration of more WS, and MoS, samples under different temperature in-situ
observation. Figure 6-7(a) shows a MoS; bilayer region under 900°C in-situ observation.
Surface ripples are distinguished by their contrast difference from the ordered stacking
regions. The boxed region is zoomed in in Figure 6-7(b) to show the local lattice
registration, indicating different stacking sequences. High magnification ADF-STEM
images in Figure 6-7(c) is taken across the transition region, with both ends showing 3R
stacking sequences. Figure 6-7(d-f) are taken from Figure 6-7(c) and magnified to show

the stacking sequences.
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Figure 6-7 (a) Low magnification ADF-STEM image showing both ordered stacking domains and
transition regions in a MoS; bilayer under 900°C, the boxed area is zoomed in in (b) showing
lattice registration. (c) High magnification ADF-STEM image taken from the boxed region in b
showing 3R stacking sequences with boundaries. (d-f) High magnification ADF-STEM image

taken from c.

Figure 6-8(a) shows a WS, bilayer region under 500°C in-situ observation. Surface ripples
are distinguished by their contrast difference from the ordered stacking regions. The boxed
region is zoomed in in Figure 6-8(b) to show the local lattice registration, indicating
different stacking sequences. High magnification ADF-STEM images in Figure 6-8(C) is

taken across the transition region, with both ends showing perfect stacking sequences
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which are denoted as 2H and AA stacking in this case. Figure 6-8(d-f) are taken from

Figure 6-8(c) and magnified to show the stacking sequences.

Figure 6-8 (a) Low magnification ADF-STEM image showing both ordered stacking domains and
transition regions in a WS; bilayer under 500°C, the boxed area is zoomed in in (b) showing lattice
registration. (c) High magnification ADF-STEM image taken from the boxed region in b showing
2H and AA stacking sequences with boundaries. (d-f) High magnification ADF-STEM image taken

from c.

6.2.4 Dynamics upon in-situ Heating

We further studied the behavior of these ripples under heating and cooling cycles. As

shown in Figure 6-9(a), a MoS: bilayer suspended on the in-situ heating chip is observed
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from a nanometer scale, the step edge in the boxed area in Figure 6-9(b) evidences the
rippling morphology existing in the bilayer region. A specific region is chosen and
displayed in color from Figure 6-9(c-i) as a function of temperature. Line profiles were
taken across the ripples and shown in Figure 6-9(j-I), respectively. The average FWHM of
ripples under each temperature is shown in Figure 6-9(m). Noticeably, the ripples were
gradually diminished when the sample was cooled down and completely annihilated under
room temperature, and gradually came back and built up width with rising temperature,
which is indicated by the FWHM, confirming that the rippling morphology in the bilayer
system is attributed to the strain applied. Due to the in-plane thermal expansion coefficient
(TEC) difference between MoS: bilayers and the Si3Ns film as mentioned above,
compressive strain applied to the sample is positively correlated with the temperature. The
ripples under 300<C and 600<C are randomly distributed and oriented whereas they are
more likely to follow the dopant distribution under 1000 <C, as these dopants may work as

pining sites for the rippling morphology.
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Figure 6-9 (a) Low magnification ADF-STEM image showing a bilayer MoS, suspended on the
in-situ heating chip, the boxed region is zoomed in in (b) showing the monolayer-bilayer step edge.
(c-1) The same region showing the reversibility of ripples during cooling and heating. The transition
regions are quantitatively analyzed by taking line intensity profile as shown in (j-1), respectively.

(m) The FWHM of the transition regions as a function of temperature.

6.2.5 Dynamics under Prolonged Beam Irradiation

To understand the behavior of ripples under prolonged beam irradiation, we take another
WS; bilayer sample under 500 <C as shown in Figure 6-10(a) and observed the rippling
region for 15s as shown in Figure 6-10(b) and (c). The boxed region in Figure 6-10(b)
shows two perfect stacking sequences spaced by a trainstion region with a few nanometer
width along armchair direction. After 15s of observation, the local lattice registration of
the same region switches into two perfect stacking sequences with an atomically sharp

interface. Atomic models are conducted in Figure 6-10(f-h), showing the relaxation of the
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ripples due to missing one line of surphur atoms. Corresponding ADF-STEM image
simulations in Figure 6-10(i) and (k) well match the experimental results, as an indicator
that the transition region and the sharp interface in Figure 6-10(d) and (e) are attributed to
ripples and line defects in the top layer, respectively. The formation of the line defect under

prolonged beam irradiation is a processs to release the residual compressive strain in the

ripples.
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Figure 6-10 (a) Low magnification ADF-STEM image showing a rippled WS bilayer under 500 <C.
(b-c) boxed region in a under prolonged beam irradiation. (d-e) High magnification ADF-STEM
images taken from the boxed areas in b and c, respectively. (f-h) Atomic models showing the
relaxation of ripples due to missing one line of sulfur atoms and (i and k) corresponding image

simulations. (j) Schematic illustration showing the process of ripple relaxation under prolonged

beam irradiation
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6.2.6 Interaction with Holes in Top Layer

Finally, we also observerd several MoS, samples with triangular holes in the top layer as
shown in Figure 6-11(a). Upon heated to 700<C, irragular wrinkles rather than
periodically-spaced ripples come into scene, which can be distinguished by the irregular
contrast in Figure 6-11(b). This is caused by both the compressive strain introduced by
heating and also the nonuniformity of the top layer in the first place due to the existence of
holes. The boxed region was taken a closer observation in Figure 6-11(c), showing that
between two triangular holes in the top layer, the ripples or wrinkles show different
mophologies and orientations. Line profiles in Figure 6-11(d) taken across the ripples
indicate that the they have different widths and are nonuniformly spaced. Image frames
taken from a wrinkled region are displayed in Figure 6-11(e-h), showing the fading and
vanishing of the ripples under prolonged beam irradiation. The wrinkles are also relaxed

with the aggregation of vacancies and line defects
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Figure 6-11 (a) Low magnification ADF-STEM image showing a MoS, bilayer suspended on a

heating chip with triangular holes in the top layer, the boxed region is zoomed in the (b) showing
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the wrinkles. (c) Magnified images taken from b showing the non-periodically spaced and shaped
wrinkles and (d) corresponding line intensity profile. (e-h) ADF-STEM image frames showing the

evolution of wrinkles under beam irradiation as a function of time.

6.3 Conclusion

We have observed the formation of periodically spaced transition regions in a perfectly
stacked MoS; and WS; bilayer under 500 <C. The stacking boundaries are confirmed to be
surface ripples existing in the top layer of the bilayer system. The ripples are formed due
to the compressive strain introduced into the bilayer system upon heating, which is
attributed to the thermal expansion coefficient difference between the substrate and the 2D
materials. The local lattice registration of the rippling is dot-like moiré& pattern which
contributes to its distinct contrast from the macroscale review. We also demonstrated that
these ripples are highly reversible under heating and cooling cycles. The ripples disappear
under room temperature due to the compressive strain fully released. Under prolonged
beam irradiation, ripples are relaxed due to the introduction of line defects, which release
the residual compressive strain in the bilayer system. Overall, we present a compressive
study across length scales from discrete atoms to the macroscopic continuum of the ripples
in TMD bilayers as well as their dynamics, which will help guide the understanding of their

structure-property correlation.
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Chapter 7

Conclusion and future work

7.1 Conclusion

This doctorate projects focuses on a systematical and comprehensive studies of TMD
bilayers, especially MoS> and WS,. I am particularly interested in investigating different
stacking possibilities both theoretically and experimentally of these 2D materials when an
extra layer degree of freedom is added. For their superior properties over the monolayer
counterparts in future device applications, a detailed study in observing, analyzing and
controlling of defective structures is also conducted to differentiate from those in
monolayers. To begin with, in Chapter 4, through AC-TEM imaging the production of
point defects and their aggregation into line defects in bilayer MoS2, we prove the different
production and migration mechanisms between sulfur vacancies in monolayer and bilayer
system and reveal that the main discrepancy between defective monolayer and bilayer
system is the out-of-plane lattice distortion. The ability for the bilayer sheet to
accommodate the buckling and compression caused by line defects can be assigned to the
competition between compression in one layer from the loss of S atoms and the interlayer

van der Waals force.

In Chapter 5, we moved forward to a more complex line defect, the grain boundary,
specifically the antiphase GB existing in the MoS; bilayers. We have demonstrated that the
propagation of an antiphase GB from a MoS, monolayer into a bilayer region causes

atomically sharp stacking changes from 2H-3R, which is reversed upon a second antiphase
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GB crossing. Antiphase GBs within the monolayer section can propagate with arbitrary
direction by the combination of 4-fold and 8-fold rings, where the ratio depends upon GB
angle relative to the zig-zag lattice direction of MoS. Large turning angles of the antiphase
GB were also observed and are mediated by a specific 8-member ring defect that has
different positions of the attaching 4-member rings. Antiphase GBs in the MoS: bilayer
region exhibit larger lattice shrinkage along the Mo-Mo direction compared to the pure
monolayers which is confirmed by DFT calculations. Overall, our data show that there is
an energetic competition between a perfect 2H-3R stacking interface and buckling, in
which interlayer van der Waals forces cause a reduction in buckling in MoS; due to
antiphase GBs in order to achieve atomically sharp 2H-3R stacking sequences in the bilayer.

These results provide a detailed characterization of antiphase GBs in monolayer MoS..

Ripples, as one of the 2D defects, were theoretically studied in monolayer and few-layer
TMDs, but scarcely experimentally observed or investigated. In Chapter 6, We have
observed the formation of periodically spaced transition regions in a perfectly stacked
MoS; and WS, bilayer under 500 <C. The stacking boundaries are confirmed to be surface
ripples existing in the top layer of the bilayer system. The ripples are formed due to the
compressive strain introduced into the bilayer system upon heating, which is attributed to
the thermal expansion coefficient difference between the substrate and the 2D materials.
The local lattice registration of the rippling is dot-like moiré&pattern which contributes to
its distinct contrast from the macroscale review. We also demonstrated that these ripples
are highly reversible under heating and cooling cycles. The ripples disappear under room
temperature due to the compressive strain fully released. Under prolonged beam irradiation,

ripples are relaxed due to the introduction of line defects, which release the residual
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compressive strain in the bilayer system. Overall, we present a compressive study across
length scales from discrete atoms to the macroscopic continuum of the ripples in TMD
bilayers as well as their dynamics, which will help guide the understanding of their

structure-property correlation.

7.2 Future Work

To expand my current research, I would like to take another three approaches. The first is
to apply my current research methodologies and outcomes to TMD bilayers other than
MoS: and WS bilayers, to explore how defects could behavior differently in these bilayer
systems. I would also deepen my understanding of TEMs and relevant imaging techniques,
which, as the most advanced method for atomic-level study of nanomaterials, could lead
me to reveal the structures and behaviors of more complex defects in both monolayer and
few-layer 2D materials. Finally, through controlled nanoengineering of defects ranging
from vacancies to ripples, I am thrilled to figure out how these defects and the stacking
sequences in bilayer system could exert influences on their optical, mechanical and

chemical properties, and find their application in device uses.
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