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Abstract

Synthesis and Characterization of Monolayer Molybdenum Disulphide

by Shanshan Wang
Oriel College
In pursuit of DPhil Degree, Hilary Term, 2017

Monolayer molybdenum disulphide (MoS>) is a semiconductor with a direct bandgap
of ~1.9 eV. Much research attention has been attracted to its potential applications in
nanoelectronics and optoelectronics recently, all of which are based upon a scalable
production of high-quality monolayer MoS; and the in-depth comprehension of its
fundamental properties. The PhD project focused on developing chemical vapour deposition
(CVD) methods to grow monolayer MoS» and its related two-dimensional (2D) vertical
heterostructures with an understanding of the growth mechanism. Subsequently, a range of
characterizations were conducted to investigate the structural, vibrational, optical and
mechanical properties of as-grown samples.

An atmospheric-pressure CVD (APCVD) approach was first developed to grow
monolayer MoS; crystals on silicon substrates with a 300 nm oxide layer (Si02/Si) by using
molybdenum trioxide (Mo0Os3) and sulphur (S) as precursors. A sharp gradient of MoO3 was
intentionally created, which induced a location-dependent shape evolution of MoS; domains.
A qualitative explanation was proposed, attributing this phenomenon to local changes in the
Mo:S ratio of precursors and its influence on the kinetic growth dynamics of edges.
Subsequently, the CVD setup was improved in both the precursor loading manner and the
substrate orientation to achieve centimetre-scale monolayer MoS; films with large domain
sizes of 10-20um. Finally, 2D MoSy/hexagonal boron nitride (A4-BN) vertical
heterostructures were fabricated via an all-CVD method. Raman and photoluminescence
(PL) spectroscopy were applied to show its merits of smaller lattice strain, lower doping
level and better interlayer contact compared with CVD-grown MoS: on SiO2/Si substrates
and mechanically stacked samples.

Aberration-corrected transmission electron microscopy (AC-TEM) was carried out to
study the defect structure and fracture mechanics of monolayer MoS» at a single atom level.
Subtle lattice reconstructions of line defects in various lengths and widths were resolved.
Density functional theory (DFT) predicted a reduction of the bandgap as the line defects
broaden, which eventually makes them behave as metallic channels embedded in the
semiconducting MoSz. Another joint experimental and theoretical study was conducted to
track the real-time crack propagation in monolayer MoS,. The atomically sharp crack tip
went through the preferential lattice direction with least energy release. Increasing defect
density was found to induce an enhanced fracture toughness and a fracture mechanism
transition from brittle to ductile.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1 Project Aims

The objective of this doctorate project is to systematically establish, understand and
optimize the chemical vapour deposition (CVD) method for the growth of monolayer MoS;,
and subsequently study the structural, vibrational and optical properties of the product by a

range of characterization techniques.

1.2 The Scope of this Thesis

The thesis covers the research that has been implemented over the course of 3.5 years
of UK PhD degree at the Materials Department, University of Oxford. It unfolds with a
literature review, summarizing the recent progress on the study of the structures, properties
and CVD synthesis of monolayer MoS; (Chapter 2). These contents are the cornerstone for
my following investigation, which set up the fundamental knowledge and indicate the gaps
needed to be filled in this research field. Subsequently, the basic setup of the CVD system
for monolayer MoS; growth and a series of characterization techniques with typical data
processing methods employed in my research are introduced in Chapter 3. The detailed
experimental and theoretical methods used by my collaborators are not included in this part,

but they can be found in corresponding published papers.



Chapter 1 Introduction

The general structure of my project results is summarized in Figure 1.1. My work starts
with the study of the atmospheric pressure CVD (APCVD) growth of monolayer MoS; on
the Si substrate coated with a thin layer of amorphous SiO, (Chapter 4), which has a good
compatibility with the current Si-based electronics. The purposes of this work are to
establish practical synthesis strategies, which can produce MoS2 monolayers for further
property investigations, and to have a universal and in-depth understanding of the growth
mechanism, which has a potential of being expanded to other 2D materials. Two typical
methods have been developed. One makes use of the spatial precursor concentration gradient
to obtain monolayer MoS; with fewer number of experiments and creates a platform to study
the shape evolution of as-grown crystals, and the other achieves the centimetre-scale, high-
quality monolayer MoS; films with domain sizes ranging from 10-20 pm through
modifications on both the system setup and the growth recipe. A Kinetic growth model has

also been proposed to explain the quality improvement of MoSo.

Subsequently, the study progressed to the fabrication of 2D MoS2/h-BN vertical
heterostructures using an all CVD method (Chapter 5), motivated by optimizing the
substrate material to a new type that can preserve the intrinsic properties of MoS; better and
to maintain the overall flexibility of the 2D system. The vibrational and optical properties
of CVD-grown monolayer MoS; on h-BN films have been studied via Raman and
photoluminescence (PL) spectroscopy, which unveils its advantages on the built-in lattice
strain, doping level, and interlayer contact compared with the counterparts fabricated by the

mechanical transfer or using the SiO> substrate.

The research focus then switches to understanding the atomic structure of CVD-grown
monolayer MoS; by employing the aberration-corrected transmission electron microscopy
(AC-TEM), in which the well-aligned electron beam performs both as an imaging media
and controllable external stimuli to modify the intrinsic periodicity of the MoS; lattice, thus
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Chapter 1 Introduction

tailoring its properties from the bottom level. Line defects were first investigated by
introducing a mild concentration of S vacancies, which are prone to migrating and aggregate
into vacancies lines (Chapter 6). Both 1D and 2D lattice distortions for line defects in
different length and width have been resolved with density functional theory (DFT)
calculations conducted to predict the band structure evolution as the line defects extend and
broaden. Prolonged focused electron beam irradiation triggers the fracture in suspended
monolayer MoSz, which provides an opportunity to resolve the fine structure of crack tips,
torn edges and crack propagation behaviours down to the atomic level (Chapter 7). Large-
scale molecular dynamics (MD) simulations were applied to supply theoretical support of
the experimental observations and predict the toughness of defective monolayer MoS;

compared with that of graphene.

The final chapter recapitulate my whole research with significant achievements for
each sub-project. A potential future development for corresponding sub-projects is also

discussed.
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obtaining m-MoS,

establishing coverage area

CVD stategies

CVD synthesis of m-MoS,
on SiO,/Si (Chapter 4)

improving quality

[thickness uniformity|

understanding
growth mechanisms

shape evolution model|

kinetic growth model|

CVD growth of

Raman

m-MoS,/h-BN 2D vertical > doping level
heterostructure (Chapter 5)

PL

AC-TEM

—>|interlayer interactions|

detailed lattice reconstruction

2D strain analysisl

band structure (DFT calculation)|

configuration

line defects
(Chapter 6)
atomic structure of
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fracture
(Chapter 7)

crack edges

mildly defective region|

fracture dynamics

moderately defective regiod

fracture toughness of defective
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Figure 1.1. Schematic illustration showing the overall structure of my thesis. Those contents

highlighted in yellow were accomplished by collaborators. m-MoS; represents monolayer MoS;.
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Chapter 2  Literature Review

2.1 Introduction

Graphene is a single-layer two-dimensional (2D) sheet of sp?-hybridized carbon atoms,
which exhibits intriguing condensed matter phenomena that are absent in its bulk
counterpart.(1) This makes people aware that, apart from the atom arrangement manner and
element type, material’s property can also be tailored in a third approach, i.e. changing the
dimensionality. Encouraged by the great progress in graphene and the methodology
developed for preparing atomically thin layered materials, research interest was expanded
to other kinds of 2D materials, like transition metal dichalcogenides (TMDs).(2-4) TMDs,
which can be generalized in a formula of MXz with M as a transition metal element from
group 4 to 10 in its periodic table and X as a chalcogen (S, Se, Te) (Figure 2.1), consist of
a wide variety of layered materials with diverse electronic properties, ranging from
insulators (e.g. HfS»), semiconductors (e.g. 2H-MoS> and 2H-WS), semi-metals (e.g. WTe>
and TiSe») to true metals (e.g. NbS; and VSe).(5) The tunable bandgap of different TMDs
is derived from the progressive filling of the nonbonding d bands of transition metal
electrons. In addition, the existence of unsaturated d orbitals of transition metals also triggers
some exotic properties, including superconductivity, charge density wave (CDW, a periodic

distortion of the crystal lattice), magnetism and Mott transition (metal to non-metal
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Chapter 2  Literature Review

transition).(5) Therefore, 2D TMDs offers opportunities for wide applications in catalysis,

energy storage, valley electronic applications, nanoelectronics and optical devices.(6-8)

MX, » X: chalcogen

H * * He
M: transition metal

v

Na Mg 3 4 5 6 i 8 9 10 1 12 Al Si P S Cl Ar

Li Be B C N O F Ne

K Ca Sc Ti \" Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb  Sr Y Zr Nb| Mo | Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe

Cs Ba La-Lu| Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn  Uut FI' Uup Lv Uus Uuo

Figure 2.1. Period table showing the diversity of TMDs. The transition metals that are fully
highlighted predominantly crystalize into layered structures with three chalcogen elements, while
those partially highlighted (Co, Rh, Ir and Ni) can form some non-layered structures. The positions
of two elements in MoS; are marked by red and black boxes, respectively. Reprinted (adapted) with

permission from ref.(5), © 2013 Macmillan Publishers Limited.

MoS; was the first semiconducting TMD obtained in a monolayer form. The band
structure of MoS; transforms from an indirect bandgap to a direct one when decreasing its
thickness from bulk to a single layer, making it complimentary to the zero-bandgap graphene
and behave as a promising candidate in nanoelectronic and optoelectronic applications.(9)
The room-temperature carrier mobility for mechanically exfoliated MoS, was measured to
be ~100 cm?V-1st with a large switching on/off ratio of >108.(10) In addition, special
properties including valley polarization and valley Hall effect can be observed in monolayer
MoS: due to the lack of inversion symmetry.(11, 12) Moreover, 2D MoS; can perform as a
low-cost, highly efficient electrocatalyst for hydrogen evolution reaction, which activity can
be further promoted by the increase of edge sites and defect density as well as proper

heteratom substitutional doping.(13-17)
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Chapter 2  Literature Review

In this chapter, a review of 2D MoS: is present to introduce its structure, properties and
CVD synthesis approaches. Based on the thesis subject, the focus of the review is arranged
on the discussion about different CVD growth strategies, the atomic structures of defects in

monolayer MoS; as well as its optical and vibrational properties.

2.2 Structure of 2D MoS;

2.2.1 Crystal Phases

Bulk MoS; has a layered structure. Each layer is constructed of three covalently-
bonded S-Mo-S’ atomic planes, while adjacent layers are coupled by weak van der Waals
forces.(18) For monolayer MoS», there exhibit only two polymorphs due to different
coordination manners between the Mo atom and its neighbouring six S atoms. One is
trigonal prismatic coordination (Dan point group) and the other is octahedral coordination
(Dzd), commonly being referred as 1H and 1T, respectively (Figure 2.2a,b).(5) For
multilayer MoS2, more polymorphs appear due to the diversity of the stacking sequence
between each layer. Three intensively investigated polytypisms are 1T, 2H and 3R, where
the letters represent different crystal symmetry systems of trigonal, hexagonal and
rhombohedral, respectively, and the digits stand for the number of layers in each unit cell
(Figure 2.2¢,d).(19) 2H and 3R phases are more energetically favourable compared with the
metastable 1T phase and are commonly encountered in natural minerals as well as synthetic
products. Both of them have the same intralayer coordination configuration (trigonal
prismatic) but with different interlayer coupling manners. In the 2H polytype, two layers are
fully eclipsed with Mo (S) atoms of one layer sitting right above S (Mo) atoms of the other
layer. For the 3R phase, three layers are staggered with S atoms in the middle layer residing
above the Mo atoms in the bottom layer and below the hollow hexagonal centre of the top

layer. Two layers in each unit cell of 2H-MoS; have a 60° twist in the lattice orientation
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between each other, while all three layers in the unit cell of 3R-MoS; adopt the same crystal

direction.
a 1H b 1T
TP P W W ’*;.;gl‘f.*’ﬁ*'ﬁ%‘ﬁ*'ﬁ
q :»d’ 2 P PPl Trigonal h— -§- -ﬁ- -§- b3t -ﬁ
o q"‘d:»d"q:.q"d:.d'd:\,q"d;-q" prismatic }*%%%%;;.%*%g Octahedral
S pd C»-d’ f'd' :»q, :‘-d' > (D) s ’-* -ﬁ- *-ﬁ- *% r»%* b (0,)
o RN g e PR S Ll ats uls ots ot LS
Rl b4 >4 P>d >4 >d > Q () -§- -ﬁ-% % -ﬁ- b ( ®)
8 SIS EQHROHIHIRIH
c >4 >4 pd4 >d >d } 0 4 p3tdq b4td b3td p3td p3td }
o d >4 >d >d >d >d ;} 3% ;}- -3t p3t-d b3 \
bd >4 >4 >4 >d > TG O dpidpdpidpidpitdr O 0
000002 Q- RO HIPRL PRI PR PR
Ve Ve Pe W -3 b3 bY-d bY-d b3 b
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Figure 2.2. Structural models and characterizations of various polymorph phases of MoS.. (a,b)
Atomic models showing 1H and 1T phases of monolayer MoS,, respectively. (c) 3D schematic
illustration of multilayer MoS,. (d) Atomic models displaying three different phases, 1T, 2H and 3R,
in multilayer MoS;, respectively. (e,f) ADF-STEM images of bilayer MoS; exhibiting 2H and 3R

stacking sequences, respectively, where an atomic column corresponding to a pair of stacked sulphur
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atoms in the centre of each hexagonal ring can be seen in (f) as a distinct feature of 3R polytype.
(9,h) Resonance Raman and PL spectra displaying distinguishable variations between 2H and 3R
stacked bilayer MoS,. (i) ADF-STEM image showing an artificial generation of 1T phase in the 1H-
phase monolayer MoS; by a controllable electron irradiation using in-situ scanning electron
microscopy. Blue solid circles, yellow solid circles and yellow dashed circles indicate Mo, 2S and
1S atoms, respectively. The yellow dashed line shows the boundary between 1H and 1T phase.
Figures reprinted (adapted) with permission from: (a,b), ref.(5); © 2013 Macmillan Publishers
Limited; (c), ref.(10), © 2011 Macmillan Publishers Limited; (d), ref.(19), © 2015 Royal Society of
Chemistry; (e,f), ref.(20), © 2015 American Chemical Society; (g,h), ref.(21), © 2015 American
Chemical Society; (i), ref.(22), © 2014 Macmillan Publishers Limited.

To distinguish different phases of 2D MoS, annular dark-field scanning transmission
electron microscopy (ADF-STEM) was employed as the most direct and unambiguous
characterization tool owning to its atomic resolution as well as a quantitative and
proportional relation between the intensity and the atomic number (Figure 2.2¢,f).(23, 24)
Unique fingerprints in Raman and PL spectra were also reported to be capable of identifying
different stacking configurations in bilayer and trilayer MoS; (Figure 2.2g,h).(20, 21) Apart
from resolving pristine structures of various phases, conversions between them are also
studied (Figure 2.2i),(22, 25) especially for 2H and 1T phase of multilayer MoS;, which
exhibit entirely different electronic and magnetic properties. 2H-MoS; is a diamagnetic
semiconductor, while 1T-MoS; is a paramagnetic metal.(19) Structurally speaking, each
layer of the two phases can transform between each other by a transversal gliding of one of
the S planes. Practically, people have successfully used approaches including intercalation
with alkali metals, rhenium (Re) atom doping and controllable electron beam irradiation to
trigger the phase transition from 2H to 1T.(22, 26-28) The reason could be attributed to the
change of the d-electron count for Mo atoms in MoS: through either the intercalated and

doped atoms or from the electron beam, which destabilizes the original 2H phase.

2-9



Chapter 2  Literature Review

2.2.2 Point Defects

Point defects are a type of zero-dimensional structural imperfection that occur only at
or around a single lattice point. They are inevitable in any materials at above absolute zero
temperature based on the 2" law of thermodynamics(29) and are particularly noticeable in
2D materials due to their ultrasmall thickness. In this section, the most commonly
encountered point defects in monolayer MoS: are discussed without the inclusion of those

having foreign atoms.

Point vacancies in monolayer MoS: can generally be classified into three categories:
(1) vacancies, having S, Mo or small MoSx clusters being removed from the pristine lattice;
(2) antisite defects, having Mo (S) atoms being substituted by S (Mo) atoms; (3) adatoms,
having additional Mo or S atoms sitting on special sites of the MoS; surface. According to
this classification, different species of point defects with their corresponding atomic
configurations characterized by ADF-STEM are listed in Figure 2.3.(29, 30) Most defects

retain the 3-fold symmetry except a minority of antisite defects like Mosz and S2wo.

Different point defects have different occurrence frequencies, which derives from
distinctions from the sample preparation method and the defect configuration
stability.(29)(30) If comparing monolayer MoS, prepared in three different methods,
mechanical exfoliation (ME), chemical vapour deposition (CVD) and physical vapour
deposition (PVD), Vs was the most frequently observed point defect in ME and CVD
samples, while antisite defects Mosz and Mos were dominant in PVD specimen. This could
be attributed to the crystal growth environment with different relative abundance between
Mo and S elements (S-deficient vs. Mo-deficient) for these three preparation approaches,
which makes the formation energy of different defects varies. In addition, concentrations of
some defects, like Vimo and Vmoses Were extremely low. The reason was explained by the
detailed formation energy of S vacancies around Vmo and Vwmoss. For Vo, since the S
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vacancy formation energy around Vo is very low (1.1eV per Vs), once a Vivo is created, its
neighbouring three S atoms are prone to losing simultaneously, forming Vmoes3 instead.
However, for S vacancies close to Vmoss, such energetic advantage on the vacancy formation
does not exist anymore. Therefore, the defect evolution from Vmoesz t0 Vmoss IS not

energetically motivated (please refer to Figure 2.3 for details of each point defect).

Vacancies
Viosa Vivioss - » ~ 3

b Mos “ﬂﬂ‘
» . v » iy o "
y é é
o~

‘S8 Bk S BB . ) ola 2222 T | . . ,
‘ E « < ‘ ' « K p ) » » v .\ ) o
2 » 2 - B > B B @ - @ 2 p o P r « 4 p r
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2 B B 8k BE Bt Bt 2k e 2t 2 i LAk AR Ah A A0 2h A0 2o
0_0_0_0_00_0_0_0_29" PRMW WWWW WW W N

Adatoms

cﬂﬂ

Figure 2.3. Three categories of point defects in monolayer MoS;. (a) ADF-STEM images

showing four types of vacancies. Atoms or clusters in the subscripts are lost. Pink, yellow and white
circles indicate the missing single Mo atom, double S atoms and single S atom, respectively. (b)
ADF-STEM images of five types of antisite defects with corresponding DFT-relaxed atomic models
in both the projected and side views. Atoms in subscripts are substituted by those in the normal size.
The former two antisites are dominant in PVD-grown samples. (¢) ADF-STEM images of four
typical types of adatoms. The subscript represents the atomic site where the atom written in the

normal size is absorbed on. ‘hex’ indicates the centre of the hexagonal ring. Figures reprinted
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(adapted) with permission from: (a,c), ref.(29), © 2013 American Chemical Society; (b), ref.(30), ©
2015 Macmillan Publishers Limited.

Point defects in 2D MoS> have a significant influence on material’s electronic and
magnetic properties. Theoretical calculations have shown that S vacancies on the surface of
few-layer MoS> behave as electron donors, thus inducing localized states in the bandgap.(29,
31) Under a low carrier density, charge transport is dominated by hopping through S
vacancy-induced localized states, exhibiting nearest-neighbour hopping and variable-range
hopping at high and low temperatures, respectively. Both vacancies and antisite defects
perform as strong scattering centres of electrons, which deteriorates the overall carrier
mobility of 2D MoS: electronic devices. Moreover, antisite Mos has been predicted to
possess a local magnetic moment of 2us, which is distinct in the diamagnetic pristine 2D

Mo0S2.(30)

Point defects do not only inherently exist in 2D MoS,, but can also be artificially
produced using chemical etching or irradiation by high-energy particles, including laser, ion
beam and electron beam. This opens the door for defect engineering in 2D MoS,, providing
flexibility to tune electronic, optical and catalytic performances of the material. The electron
beam-induced defect generation stems from either a ‘knock-on’ effect, ionization damage
or chemical etching catalysed by hydrocarbon contamination absorbed on the MoS: surface.
Most of the EB-generated defects are S vacancies. It was calculated that the displacement
threshold energy of S atoms in the pristine monolayer MoS; is ~6.5 eV, close to the
maximum knock-on energy transferred from 80 keV electrons to S atoms.(32, 33) However,
electrons having the energy as low as 30 keV can still create S vacancies, indicating a more
complicated ionization mechanism.(34) In addition, point defects, especially S vacancies,

can migrate on the MoS; surface under the electron beam illumination, which is supported
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by the calculated migration barrier of 2.3eV.(35) It endows the defect configuration in MoS>

with an increased diversity and complexity, which will be discussed in the next section.

2.2.3 One-Dimensional Defects

One-dimensional (1D) defects can be defined as a series of linearly extended atoms
whose arrangement is deviated from the normal periodicity in the pristine lattice. In terms
of monolayer MoS, its commonly encountered 1D defects can be classified into two types
depending on whether the lattice occurs an orientation change when going through the 1D
defect. The first type has the same crystal directions on two sides of the 1D defect, denoted
as common line defects (c-LDs) here, while the crystal orientations on two sides of the
second type of 1D defects have a difference, which are widely defined as grain boundaries

(GBs).

As mentioned in 2.2.2, the migration barrier of S vacancies is relatively low. With the
vacancy concentration increase due to the continuous bombardment of high-energy particles
on MoSy, they are prone to migrating and agglomerate linearly rather than to be distributed
in isolation, as it may obtain superiority in the overall surface energy.(35) This is the
dominant formation mechanism for c-LDs. The linearly aggregated S vacancies will
experience subtle structure reconstructions according to their aggregation length, width and
the surrounding environment and form a diversity of c-LDs (Figure 2.4a). However, limited
by the resolution of TEM images,(35) their detailed atomic configurations, formation
dynamics, lattice strain and band structure evolution have not been thoroughly investigated.

This gap is filled by results in Chapter 6.
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Figure 2.4. Two categories of 1D defects in monolayer MoS,. (a) HRTEM image and the
corresponding DFT-calculated atomic model of a typical common line defect (c-LD), which loses a
single row of S atoms (1SVL). The lattice orientation on both sides of the c-LD is the same, which
are marked by red triangles determined by using S vacancies as references. (b,c) ADF-STEM images
showing two types of GBs, small angle GBs composed of a series of dislocation cores (b) and mirror
twin GBs having the grain orientation twist of 60° (c). DFT-relaxed atomic models are either given
separately or overlapped on the image. Grain orientations on two sides of the GBs are marked by
white triangles. Kinks exist as indicated by the green arrow in (c). Figures reprinted (adapted) with
permission from: (a), ref.(35), © 2013 American Physical Society; (b,c), ref. (29), © 2013 American

Chemical Society.

GBs are formed by the atomic stitching between two grains having an orientation
variation. The most commonly observed GBs in MoS, monolayers can be divided by two
categories: small angle GBs and mirror twin GBs. For the former GBs, linearly-aligned
dislocation cores composed of 5- and 7-fold (5|7) rings, 6|8 rings, 4|6 rings are observed
with slight variations on element types at each lattice point due to the substitution between

Mo and S atoms (Figure 2.4b).(29, 36) Mirror twin GBs, which can also be named as
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inversion domain GBs, appear between two grains twisted by an integral multiple of 60°,
being equivalent to swap the position of Mo and S atoms in the hexagonal lattice. A majority
of mirror twin GBs extend along the zigzag lattice direction, which adopts the highest
structural symmetry. Depending on the relative position between two grains, linear
dislocation cores consisting of 4-fold rings with either point sharing (4|4P) or edge sharing
(4/4E) are developed (Figure 2.4c).(29) Due to the diversity in the coordination manner
between Mo and S atoms, more complicated GB configurations, such as a recurring 8|4|4
motif, can be formed, which follows the zigzag lattice orientation macroscopically but
exhibits an intersection angle of £20° with respect to the zigzag direction in the nanometre
scale.(37) Interestingly, mirror twin GBs in monolayer MoS; can also be artificially created
through the generation of inversion domains by either the electron beam irradiation or
thermal annealing.(38) The formation mechanism of inversion domains was interpreted by
3 steps: (1) generation of S vacancies induced by the energy obtained from either the electron
beam illumination or thermal treatment; (2) aggregation of S vacancies to create c-LDs; (3)
displacement of Mo and S sublattice to form triangular inversion domains, which is

theoretically explained by the motivation from the lattice strain release.

It is well documented that the overall properties of polycrystalline materials are largely
governed by the atomic structure, concentration and distribution of GBs. The influence of
GBs in 2D materials may be even more pronounced as they are purely made up of surfaces,
and the presence of any defects, like GBs, can alter material’s properties dramatically.(39)
Since GBs in monolayer MoS: have a change on both the chemical stoichiometry and the
coordination manner between Mo and S atoms, the band structures at GBs evolves compared
with the pristine lattice. Based on theoretical calculations, both 4|4P and 4|4E mirror twin
GBs exhibit dispersive bands across the Fermi level, making them serve as metallic wires

embedded in the semiconducting MoS».(29) For other types of GBs, calculations reveals the
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implantation of mid-gap states.(29, 37) Experimental measurements have also confirmed the
significant role of GBs on the electrical transport and photoluminescence emission

characteristics (PL peak energy, intensity and width) of monolayer MoS.(37)

2.3 Properties of 2D MoS;

2.3.1 Fundamental Band Structure

This section introduces the fundamental band structure of MoS, starting from its bulk
phase, and then shows its evolution as the thickness decreases down to a monolayer regime.
People qualitatively understand the fundamental band structure of bulk MoS; from mainly
two angles: one is the electron filling states of the compound’s molecular orbitals, the other
is the lattice configuration. From the first angle, it has been proposed that the diversity of
bulk layered TMDs electronic properties predominantly arises from the progressive filling
of the non-bonding d bands of transition metals. Bulk TMDs exhibit metallic properties
when the non-bonding d orbitals are partially occupied, and display semiconducting
properties when the non-bonding d orbitals are fully occupied.(5, 40) Figure 2.5a shows the
electron occupation states of MoS, molecular orbitals, where its non-bonding d band, which
is also the highest occupied molecular orbital (HOMO), is fully occupied.(41) Therefore,
bulk MoS, is a semiconductor with an indirect bandgap of 1.2-1.3 eV.(42) When
understanding the fundamental band structure from the second angle, which is the lattice
configuration, it can be found that the unit cell of MoS; has two different lattice points, one
is a single Mo atom and the other is a couple of overlapped S atoms. This is different from
the unit cell of graphite, where two lattice points are both carbon atoms. Such configuration
difference on the crystal unit cell will eliminate the degeneracy of the electronic structure at

the K(K”) point in the Brillouin zone, thus opening up an energy bandgap in bulk MoS2.(43)
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Figure 2.5. Band structure of MoS,. (a) Diagram showing the energy level of molecular orbitals
(MOs) for MoSg in 2H-MoS,. The terms in parentheses (e.g., z2. s, Xz, etc.) indicate metal orbitals
making primary contributions to the MOs. (b—e) Calculated band structures corresponding to bulk
(b), quadrilayer (c), bilayer (d) and monolayer () MoS,. Figures reprinted (adapted) with permission
from: (a), ref.(41), © 1989 American Chemical Society; (b), ref.(44), © 2010 American Chemical
Society.

The fundamental band structure of bulk 2H-MoS; is shown in Figure 2.5b, where the
valence band maximum is positioned at I" in the Brillouin zone and the conduction band
minimum is located approximately halfway along the I'-K direction. As the layer number of
MoS; decreases, its band structure is strongly affected due to quantum confinement,
interlayer interaction and long-rang Coulomb effects.(44-46) For example, the sensitivity

of band states at different points in the Brillouin zone to the change of interlayer interactions
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varies, because they stem from orbitals that adopt different spatial distributions.(44) The
conduction band states at the K point, which are largely contributed by the d orbitals of Mo
and are highly localized within the S-Mo-S sandwiched layer, are weakly affected by the
interlayer interactions. In the contrast, the conduction band states close to the I" point, which
originate from the hybridization between the d orbitals of Mo and the antibonding p; orbitals
of S, are susceptible to interlayer interactions. Therefore, as the MoS, becomes thinner,
lowest conduction band near the I" point shifts upward remarkably, while the conduction
band at the K point barely moves (Figure 2.5¢c—€). When the MoS: thickness is reduced to
monolayer, the indirect transition gap surpasses the direct bandgap, making the MoS; transit
from indirect to direct semiconductor. The direct fundamental bandgap value proposed by

various theoretical models varies slightly, ranging from 2.8 eV to 3.0 eV.(47-49)

2.3.2 Photoluminescence Emission Characteristics

The direct bandgap nature of monolayer MoS: triggers the emergence of strong
photoluminescence (PL) emission at ~1.8-1.9 eV.(44, 50, 51) It is worth noting that the
energy gap measured by the PL spectroscopy is the optical bandgap, which is the difference
between the fundamental bandgap and the exciton binding energy. Even though PL
measurements cannot provide the information of fundamental band structure directly, it is
the most widely used experimental approach to track the band structure change as well as to
verify the validity of the band structure calculated by different theories. In the PL spectrum,
two pronounced peaks located at ~677nm and ~627nm, respectively, correspond to the direct
excitonic transitions at the K point in the Brillouin zone, which are also known as Al and
B1 transitions (Al can be denoted as A or X, while B1 can be denoted as B) (Figure
2.6a).(44) The energy variation is attributed to the strong splitting at the valence band
maximum in monolayer MoS> due to the spin-orbit effect, which derives from the lack of

inversion symmetry in odd-layered MoS,.(48, 52) The PL quantum yield for monolayer
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MoS; on the SiO/Si substrate was found to be >10* higher than its bulk counterparts and
~10® greater than multi-layer MoS; (Figure 2.6b). This is owed to the bandgap evolution
from indirect to direct as the MoS; thickness decreases, thus promoting the radiative
recombination rate drastically.(44) If monolayer MoS; is negatively doped either by the
electron injection through the applied gate voltage or through chemical doping, a split of Al
transition peak appears due to the presence of negative trions (A°), which can be understood
as a quasiparticle composed of a neutral exciton bound with a free electron (Figure 2.6¢).
(53-55) The emission peak from negative trions is located at a lower energy (a larger
wavelength) than the peak from neutral excitons. Trions were measured to have a large
binding energy of ~20 meV at a low temperature of 10 K, making them significant even at

room temperature.(55)

As mentioned in section 2.3.1, 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(56-60) and chemical/physical doping(2, 61) are two of the most commonly used
approaches for bandgap engineering of monolayer MoS. In terms of the application of strain,
theoretical calculations predict that a small bi-axial strain (~2%) can alter the direct bandgap
of monolayer MoS: to an indirect gap, while both a relatively large bi-axial tensile (10%)
and compressive strain (15%) can transform monolayer MoS; from a semiconductor to a
metal.(57) Experiments also confirm the strain-induced tuning of the bandgap, many of
which are probed by PL spectroscopy and reflect the optical bandgap modifications. The
optical band gap showed an almost linear change of ~45 meV/% and ~99 meV% under

uniaxial tensile strain and biaxial strain (Figure 2.6d).(59, 62)
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Figure 2.6. Basic PL characteristics and various methods for optical bandgap engineering. (a)
PL spectra of monolayer MoS. Inset shows the corresponding Al and B1 neutral exciton transition
in the band structure diagram. (b) PL efficiency as a function of the layer number in MoS. (c) PL
spectra of monolayer MoS: at different back-gate voltages at room temperature. The A" resonance
emerges and enhances with an increased negative doping level in monolayer MoS,. (d) Evolution of
PL spectra for monolayer MoS; under a uniaxial tensile strain ranging from 0 to 1.8%. (e)
Normalized PL spectra for monolayer MoSz.xSezx with different compositions. (f) PL variations of
monolayer MoS; upon exposure to H-O alone (blue curve), O, alone (green curve), and ambient
(H20 and O>) (red curve) compared with its PL measured in vacuum after annealing (black curve).
Figures reprinted (adapted) with permission from: (a,b), ref.(44), © 2010 American Chemical
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Society; inset of (a), ref.(63), © 2014 The Royal Society of Chemistry; (c), ref.(55), © 2013
Macmillan Publishers Limited; (d), ref.(59), © 2013 American Chemical Society; (e), ref.(64), ©
2013 John Wiley & Sons, Inc.; (f), ref.(65), © 2013 American Chemical Society.

Chemical and physical doping tailors the bandgap of MoS, predominantly through
alloying and surface absorption of foreign molecules. Alloying can be realized by mixing
MoS: with either metals, such as tungsten (W), or chalcogen atoms, like selenium (Se).
Theoretical calculations predict that the bandgap of Mo1.xWxS; varies from 1.87 to 2.0 eV
with concentration changing from MoS; to WS», which matches with experimentally
measured variation from 1.85eV to 1.99eV well.(66, 67) The bandgap evolution of MoSex(1-
xS2x, Which has been theoretically calculated to vary from 1.62eV to 1.86eV, also agrees
with experimental results ranging from 1.55eV to 1.87eV, when the stoichiometry changes
from MoSe> to MoS: (Figure 2.6e).(64, 66) The source of the surface absorption can come
from gas molecules or impurities on the substrate.(65, 68) Experiments have shown that
charge transfer through the surface-absorbed p-type dopants, which have strong electron
affinity and can withdraw electrons from the MoS; (e.g., Oz, H20, etc.), enhances the PL
intensity (Figure 2.6f), while the n-type dopants reduces the PL intensity.(54, 65) This is
explained by the modulation of carrier density which can switch the PL emission between

neutral exciton emission and negative trion emission.(54)

2.3.3 Vibrational Properties

The vibrational properties of MoS: is detected by Raman spectroscopy, which is the
widely-used, non-destructive, vibrational spectroscopy that relies on inelastic scattering.
The general working principle of Raman spectroscopy can be described as follows. When a
monochromatic light source illuminates on a sample, the majority of the light is elastically
scattered, which has no energy difference with the excitation source. This is known as
Rayleigh scattering. However, a tiny amount of the light is inelastically scattered which has

a shift in energy from the excitation source due to interactions between the vibrational
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energy levels of the sample and the incident electromagnetic waves. Recording the intensity
of this inelastically scattered light and their corresponding frequency shift with respect to

the incident light source gives a Raman spectrum which is helpful to sample identification

and guantitation.
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Figure 2.7. Vibrational properties of monolayer MoS; characterized by Raman spectroscopy.
(a) Shift on the Aig peak position (red dashed lines) as monolayer MoS; resides on different
substrates. 1Mo indicates that monolayer MoS; sits on the SiO,, while 1G/AIMo and 2G/1Mo
represent that monolayer MoS; sits on monolayer and bilayer graphene, respectively. (b) Spring
model showing two characteristic vibration modes of monolayer MoS; (Exg' and Ayg), which also
facilitates to understand the sensitivity of Ay on the interlayer interaction. (c) Evolution on both the
Ezqt and A1y mode dependent on the layer number. (d,e) Variation on the Aiq peak position and its
full width of half maximum (FWHM) under an increased electron injection dose, conducted by
enhancing the top-gate voltages from 0.0 to 2.0 V. (f) Variation on the Exg' mode of trilayer MoS;
under different compressive strains. Figures reprinted (adapted) with permission from: (a,b), ref.(69),
© 2014 American Chemical Society; (c), ref.(70), © 2010 American Chemical Society; (d,e), ref.(71),
© 2012 American Physical Society; (f), ref.(72), © 2013 American Chemical Society.
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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 frequency of characteristic peaks. MoS: has two most typical vibration modes,
Ezq! and Aug. The Ez¢* mode represents the in-plane opposite vibration of two S atoms with
respect to the Mo atom sitting in between them, while the Aig mode is related to the out-of-
plane vibration of S atoms in opposite directions, which is believed to be more influenced
by the long-range interlayer Coulombic interactions with its neighbouring materials
compared with the Ez¢' mode.(9, 73) Therefore, Aiq frequency varies remarkably when
monolayer MoS:; resides on different substrates, which alters interlayer interactions, while
E2q* peak shows negligible shift (Figure 2.7a,b).(69) As the MoS; thickness decreases, Aig
undergoes an obvious red shift since the decreased van der Waals forces leads to a smaller
restoring forces on atoms. Unexpectedly, E2g* shows a blue-shift rather than a commonly
expected red-shift. The anomalous behaviour of E,4! is speculated to arise from the stacking-
induced in-plane configuration change or the Coulombic interlayer interactions (Figure
2.7¢).(70) Practically, the separation between Ez¢' and A1y mode has been widely used to
reflect the layer number of MoS,. Monolayer MoS; exhibits a frequency difference ranging
from 17.5to 21 cm™, and the frequency separation enhances as the MoS; thickness increases
until the layer number reaches five, where both Ex¢* and A1 mode converge to their bulk
values.(36, 51, 70, 74) Due to the strong interaction between Aig phonon and electrons, Axg
mode is also sensitive to the doping of MoS: either from surface adsorbates or the gate-
induced electron injection in a transistor. It shows a red shift of the peak position with an
increase of the peak width when the doping level enhances (Figure 2.7d,e).(71, 75) The
Raman spectrum can also unveil the lattice strain predominantly by tracking the evolution
of in-plane vibration mode of Ezg'. The Ezg' peak is red/blue shifted under a

tensile/compressive strain, while the Aig peak barely moves (Figure 2.7f).(72, 76) Conley
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et al. reported a E,¢* peak split when the mechanically-loaded tensile strain on monolayer
MoS:; is relatively large (>0.8%) and attributed this phenomenon to the strain-induced

breaking of the crystal symmetry.(59)

2.3.4 Mechanical Properties

2D MoS:; is reported to possess outstanding mechanical properties by experiments
using the AFM probe. Bertolazzi et al.(77) 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. 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 15 + 3 Nm™ (23
GPa). Castellanos-Gomez et al.(78) 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.(79) The first-principle calculation can also predict the ideal biaxial
tensile strength and elastic modulus, which shows a good agreement with experimental
observations.(80) These advantages render 2D MoS; to become a promising material for

flexible electronic and optoelectronic devices.

2.4 CVD Synthesis of 2D MoS;

In order to meet the demand for fundamental research and the future industrial
production, many synthesis methods have been developed, including different types of
exfoliation,(81-83) hydrothermal synthesis(84) and physical vapour deposition(85, 86).
However, the growth results are restricted by small lateral size of crystal domains, low yield,
poor quality, hard control on the layer number and high requirements of growth conditions.

Therefore, a versatile approach of generating high-quality, large area 2D crystalline MoS>
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with controllable thickness and excellent electronic properties are in high demand. Chemical
vapour deposition (CVD) approach could hold the answer for this demand. It can generally
be categorized into two routes. The first route involves solid phase Mo-based precursors
participating in the reaction. Usually, the Mo-based precursors are pre-coated on the
substrate surface followed by a sulphurization or decomposition process to convert them
into MoS». The second route is realised through the vapour reaction, where all precursors
are first vaporized and then transported into the reaction zone to form MoS:. In this section,
two routes with different precursors will be introduced followed by a discussion on various

synthesis parameters on the growth results.

241 Routel

One of the early attempts for monolayer MoS; growth via Route | was done by Zhan
et al. They deposited the Mo thin films on the SiO»/Si substrate followed by a sulphurization
process.(87) The coating of Mo layers was through the e-beam evaporation, while the
vapour-phase sulphurization was conducted at a temperature of ~750 °C in an atmospheric
pressure CVD system (APCVD) (Figure 2.8a). The method can produce single- and few-
layered polycrystalline MoS: with grain sizes ranging from 10-30 nm (Figure 2.8b—d). The
small grain sizes could be attributed to the high melting point of Mo (~2623°C), which is
much higher than the growth temperature of MoS> using Mo and S (~750 °C), and the initial
polycrystalline nature of the deposited Mo atomic layer. The high melting point of Mo
restricts the migration ability of Mo atoms during the MoS; growth, thus being detrimental
to the grain size expansion. The size and thickness of MoS: layers was only limited by the
substrate size and the thickness of the pre-deposited Mo. The devices based on as-grown
few-layer MoS> with a high density of grain-boundaries displayed p-typed behaviour with
relatively low field effect mobility between 0.004 to 0.04 cm?V-1s?. Laskar et al.(88) also

applied this method but changed the substrate to crystalline sapphire and increased the
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sulphurization temperature up to 1100°C. It was found that a higher sulphurization
temperature can enhance the MoS: crystallinity, evidenced by the increased relative ratio
between Elyg and Asg peak in Raman spectroscopy, as the in-plane vibration mode (Elyg) is
subject to the nanoscale and randomly distributed grains of the intralayer structure. Apart
from the growth temperature, the choice of the substrate also crucially impacts the crystal
quality of MoS; films. A high temperature sulphurization of pre-deposited Mo film on (0001)
oriented sapphire produced large area (0001) oriented MoS, multilayer films. Their devices
fabricated with this 2D MoS> showed n-type behaviour with significantly improved mobility

of 10-14 cm?Vv-1s?t,

In addition to the metal Mo, molybdenum oxides (MoOy) is also a choice of pre-coated
materials. Lin et al. selected MoOz (melting point: ~795°C) as the deposition material on
the c-phase sapphire substrate (Figure 2.8h).(89) Then a two-step process was employed.
The first anneal was conducted at 500 °C in a reducing environment of mixed argon and
hydrogen (Ar/Hz) under a pressure of 1 Torr, while the second anneal took place at 1000 °C
in a sulphur atmosphere under 600 Torr. Large-area, polycrystalline multi-layer MoS; films
(2-3 layers) were uniformly grown on the entire sapphire substrate (Figure 2.8i—k) with a
grain size of ~160 nm, yielding n-type MoS: field effect transistor (FET) devices with an
on/off ratio of ~ 10° and a field effect-mobility of 0.8 cm?V-!s. The film thickness was
found to rely on the amount of pre-coated MoOs. Wang et al. deposited rhomboidal MoO>
microplates on the SiO/Si substrate as a starting material (Figure 2.8e). It was realised by
reducing the evaporated MoO3 through sulphur vapour at 650-850°C, leading to the MoO>
nucleation on the substrate surface.(74) MoO2 microplates were further sulphurized at 850-
950 °C under the atmospheric pressure for 0.5-6 hours, forming controllable layer numbers
of MoS; depending on the annealing duration (Figure 2.8f). The MoS: thin layers can be

peeled off from the MoO2 microplates by spin-coating poly(methyl methacrylate) (PMMA)
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thin films (Figure 2.8g), owning to a relatively weak adhesion between MoS; and MoOs.

The obtained 2D MoS; have an average domain size is of ~10 um, exhibiting n-type

behaviour in a bilayer FET device with an on/off ratio of ~10° and a carrier mobility of ~0.3
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Figure 2.8. CVD synthesis methods via route 1. (a—d) Sulphurization of the pre-coated Mo layer
to obtain MoS; thin films (a). SEM image (b), diffraction pattern (¢) and dark-field TEM image (d)
of as-grown MoS; films. (e-g) Layer-by-layer surface sulphurization of MoO, microplates to

achieve thickness controllable MoS; (e). Optical images show as-made MoS,/MoO; (f) and

transferred MoS; (g) after being peeled off, respectively, with corresponding AFM images in insets.

(h—k) Sulphurization of a MoOs layer pre-deposited on the c-phase sapphire (h) to obtain 2-inch

sized multilayer MoS; films, verified by the optical image (i) and AFM (j,k). (I) Decomposition of a
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pre-coated ammonium thimolybdate layer. Figures reprinted (adapted) with permission from: (a—d),
ref.(87), © 2012 John Wiley & Sons, Inc.; (e—g), ref.(74), © 2013 American Chemical Society; (h—
K), ref.(89), © 2012 The Royal Society of Chemistry; (I), ref.(90), © 2012 American Chemical
Society.

Ammonium thimolybdate ((NH4)2Mo0S34) is the third type of pre-deposited Mo-based
material in route | (Figure 2.8l). Liu et al.(90) dissolved (NHi)2Mo0Ss in the
dimethylformamide (DMF) solution, dipped the substrate in it followed by a vertical pull of
it out of the solution at a constant low rate to ensure the uniform coating of the precursor
layer. Subsequently, the pre-treated substrate was annealed twice. The first anneal was
carried out at a temperature of 500°C under a low pressure of 1 Torr in the flowing Ar/Ha,
which realized the chemical conversion of (NH4)2M0S4to MoS; and removed residual NHz
and other by-products. The reaction can be simplified as (NHz)2Mo0Ss +H2 — 2NH3 + 2H,S
+ MoS>. The second anneal was at 1000°C under a pressure of 500 Torr in Ar. Adding S in
the second anneal brought several benefits, including protecting the MoS;, film from
oxidation, enhancing the crystallinity and increasing the grain size (hundreds versus tens of
nanometres). This approach can grow large-area, uniform, multi-layer MoS; films (2-3
layers) on both SiO2/Si and sapphire substrates. However, the as-grown MoS; on sapphire
showed a better crystal quality and electrical performance compared with those grown on
SiO2/Si. They had a grain size of ~160 nm and exhibited n-type behaviour with an on/off
ratio of ~10° and electron mobility up to 6 cm?V-1s, This was attributed to a higher chemical
stability of sapphire at high temperature than that of SiO», which effectively suppressed the

oxygen doping in the MoS; lattice.

To sum up, route I, which is realized by the sulphurization or decomposition of pre-
deposited solid-state Mo-based precursors, is a straightforward and universal way to
synthesize few-layer MoS.. The choice of the pre-coated Mo-based materials evolved from

metal Mo to MoOx to (NH4)2Mo0S4, showing a decreased melting point (increased vapour
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pressure under the same growth temperature), a better solubility and a lower chemical
conversion temperature to MoSz, which enhances the controllability of the deposition
amount and thickness on the substrate as well as mitigating the reaction condition. Moreover,
route | has advantageous in producing wafer-scale continuous MoS; thin films, as the growth
area is only restricted by the substrate scale. However, its weaknesses lie in the difficulty of
obtaining monolayer MoS,, a poor thickness uniformity, small grain sizes and the
cockamamie multi-step fabrication processes. They originate from the harsh requirements
of pre-depositing an ultrasmall amount of Mo-based precursors with atomic-level
homogeneity, the limited free diffusion path of atoms in a solid-phase reaction and a
potential incomplete sulphurization of the precursor layers. Therefore, new methods
possessing a more precise layer number control, a better reaction uniformity and concise

steps are demanding.

2.4.2 Route Il

Route Il is a one-step vapour-phase reaction developed from route I, where all
precursors are thermally evaporated and transported to the reaction zone simultaneously to
form MoS; on the substrate. The pioneering work was done by Lee et al.(91), who loaded
MoOs and S powder in the heating zone with a substrate (either SiO2/Si or sapphire) face-
down covered on the crucible containing MoOs (Figure 2.9a,b). The substrate was pre-
treated by aromatic molecules (e.g. reduced graphene oxide (rGO)), as seed crystals can
enhance the wettability of the substrate surface. The reaction underwent at a relatively low
temperature of 650°C in the flowing nitrogen (N2) under atmospheric pressure. Star-shaped
MoS: crystals with a lateral grain size of ~160 nm grew around the seed crystals which
coalesced to form monolayer to few-layer areas. The seed crystals performed as the
nucleation sites and promoted the layer-by-layer lateral growth of MoS,. FET devices

fabricated based on the as-prepared MoS: crystals showed n-type behaviour with an on-off
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ratio of ~10* and a field effect mobility of 0.02 cm? V-'s™. This seed-promoted synthesis
strategy was further developed by Lee et al. and Ling et al. by developing seeding promoters
to larger aromatic systems with high sublimation/decomposition temperatures and proper
concentrations. These modifications facilitate the growth of monolayer MoS; on various
substrates, including both three-dimensional (3D) corrugated substrates (quartz, sapphire, Si
particles, TiO, aggregates, etc.) and 2D substrates (graphene, hexagonal boron nitride (h-
BN), etc.).(92, 93) The typical growth results with proper seeds were isolated triangular
domains with lateral sizes of ~50 um and small regions of continuous films on SiO/Si

substrates.

Van der Zande et al. optimized the CVD technique reported by Lee et al.(91) through
not using seeds to realize the layer-by-layer growth of MoS; on SiO2/Si substrates. It
excludes the potential contamination effects from seeding.(37) They obtained monolayer
MoS: triangular isolated islands with an average crystal size varying between 20 and 100
um, and the largest single crystal reached an edge length up to ~120 um. An ultraclean
substrate surface before the growth and a protection of precursors from the air during storage
were demonstrated as keys for growth success. However, as the substrate was still mounted
face down on the crucible loading MoO3z, non-uniformity in nucleation density and crystal
size is an obvious limitation, which is due to the sharp MoO3 concentration gradient on the

substrates.
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Figure 2.9. CVD synthesis strategies via route I1. (a—g) Three different setups for monolayer MoS;
growth by the reaction between the MoOs and S vapour. The first approach pre-treated the substrate
with the chemical seeds of rGo and loaded the substrate facedown at the crucible containing the
MoOs powder (a), growing inhomogeneously distributed star-shaped monolayer MoS; domains, as
shown by the optical image in (b). The second approach separated MoOs and S precursors by
utilizing two mini-tubes and was conducted under low pressure (c), achieving centimetre-scale
uniform monolayer films, as shown by optical images in (d). The third approach selected the layered
mica as the substrate (e) and realized the epitaxial growth of monolayer MoS, domains, confirmed
by SEM images in (f,g). (h—k) CVD growth of MoS; by the gas-phase reaction between MoCls and
S (h), Optical images (i,j) and AFM (k) show the obtain of mono- and bi-layer continuous films. (I)
Schematic illustration of the setup for metal-organic CVD growth method, applicable for both MoS;
and WS; synthesis. MFC represents the mass flow controller. (m) Photo of monolayer MoS; films
grown on the 4-inch fused silica substrate. (n) False-colour dark field TEM image showing a
continuous MoS; monolayer film with an average grain size of ~ 1 um. Figures reprinted (adapted)
with permission from: (a,b). ref.(91), © 2012 John Wiley & Sons, Inc.; (c,d), ref.(94), © 2013
American Chemical Society; (e-g), ref.(95), © 2013 American Chemical Society; (h-k), ref.(96), ©
2013 Macmillan Publishers Limited; (I-n), ref.(97), © 2015 Macmillan Publishers Limited.
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Najmaei et al. systematically studied the fundamental mechanism of this approach by
varying the precursor concentration, chamber pressure, reaction temperature and substrate
surface roughness.(36) Rather than using the powder-state MoQOs, they prepared it into
dispersed highly-crystalline nanoribbons through hydrothermal reactions on a SiO/Si
substrate and placed another two bare SiO2/Si chips with face-up beside it for MoS: growth.
A stage-heating was conducted with the main reaction occurring at 850°C, which produced
primarily sharp-edged triangular monolayer MoS; single crystals with a side length of ~10
um. It was found that the S concentration governs the morphology and size of the single
crystalline domains, while the MoOz concentration determines the nucleation density and
the coverage ratio of MoS; on the substrate. In terms of the total chamber pressure, as it
interrelated to the S concentration (S partial pressure), which further changed the
concentration ratio between gaseous MoOs and S, both the nucleation density and the crystal
morphology were impacted by this parameter. Moreover, MoS; triangular domains and films
showed preference to nucleate in the vicinity of edges, scratches, dust particles or rough
surfaces. It inspires the spatial-controlled growth strategy by patterning the substrate with a
uniform distribution of rectangular SiO> pillars, thus promoting the MoS> nucleation density
at designated locations and enabling the continued film growth. The FET devices fabricated
with the as-grown MoS: films showed n-type behaviour with an average mobility of 4.3 +

0.8 cm?V-1s'tand a maximum on/off ratio of 6 x 106.

Growing large-are uniform monolayer MoS: films is a pivotal precondition for
industrial applications. To realize this goal, a stable and controllable introduction of gaseous
MoOs3 and S into the reaction zone is essential. However, all previous methods cannot avoid
the gradual quench of the MoOs precursor by S vapour as the reaction proceeds, which
induces a decreased and uncontrollable evaporation amount of MoOs. Zhang et al. improved

the CVD setup by separately loading MoOz and S precursor in two different mini-tubes
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(Figure 2.9c). It avoided their cross-contamination and ensured a stable supply of both
gaseous precursors to the reaction region.(94) The SiO./Si substrate was horizontally loaded
at the downstream of the quartz tube with faces up. The growth proceeded under a low
pressure of 0.67 Torr with typical temperatures of 120-130°C, 450-600°C and 750-800°C
for S, MoOs and substrates, respectively. Centimetre-scale, continuous polycrystalline
monolayer MoS:; film were obtained over the entire substrate surface (Figure 2.9d) with a
tunable grain size from ~20 nm to ~1 um. Bilayer or multilayer was rarely seen, indicating
a self-terminated growth mechanism under such condition. FET fabricated based on as-
grown MoS: films with a typical grain size of ~ 600 nm showed n-type behaviour with a

field mobility of ~ 7 cm?V-1st and an on/off ratio of ~ 108,

In addition to the requirement of large-area, monolayer growth with thickness
uniformity, an ordered crystal orientation alignment on the substrate is another concern in
MoS; synthesis. Ji et al.(95) reported the epitaxial growth of monolayer MoS; on mica
(KMgsAlSizO10F2) (Figure 2.9¢) at a low reaction temperature of ~530 °C under a pressure
of 30 Pa. Mica has a good lattice match with MoS,. Uniform triangular MoS, monolayers
were achieved with two primary crystal orientations having 180° twist (Figure 2.9f). They
were intrinsically strained due to a small lattice mismatch (~ 2.7%) between MoS; adlayers

and the mica substrate.

Apart from the most frequently used precursors, MoOs and S, there also exist other
types of precursors in route I1. Yu et al.(96) reported using molybdenum chloride (MoCls)
and sulphur powder as precursors. The reaction was at ~850°C under a low pressure of ~ 2
Torr. Uniform and high quality monolayer and bilayer MoS: films were deposited on the
substrates of SiO»/Si and sapphire (Figure 2.9h—k). It was found that the MoS> layer number
can be adjusted accurately by the control of the MoCls amount, the chamber pressure and
the growth temperature. Moreover, the synthetic process was demonstrated to be self-limited
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controlled by the balance between the equilibrium pressure of MoS; thin films and the partial
pressure of MoS; species in the vapour phase (Note that whether the growth mechanism of
2D MoS; via route II is the ‘absorption-surface reaction’ process or the ‘gas phase reaction-
precipitation’ process is still controversial. This work supports the latter. More information
is given at the end of this section). Therefore, the partial pressure of MoS> species and the

interaction of MoS; films with substrates played key roles in this self-limiting mechanism.

The most recent progress was done by Kang et al., who applied the metal-organic Mo-
based precursor, Mo(CO)s, and (C2Hs)2S to form 4-inch wafer-scale homogeneous MoS>
monolayer films with an average grain size of ~ 1 um on SiO2/Si substrates (Figure 2.9
n). The electrical performance is outstanding, showing an electron mobility of 30 cm?V-!s
at room temperature and 114 cm?V-1s™ at 90 K, being comparable with that from exfoliated
samples. The gaseous precursors were slowly injected into the chamber, and the reaction
was conducted at a low temperature of 550 °C under a low pressure of 7.5 Torr in the flowing
Ha/Ar for a long time (~ 26 hrs). The growth mode is governed by the partial pressure of Mo
vapour (Pwmo) supplied by the thermal decomposition of Mo(CO)s. A low Pwmo in a (C2Hs)2S
sufficient atmosphere promoted the layer-by-layer growth mode, resulting in a uniform
monolayer MoS; film formation, while a higher Pmo led to an island growth mode having a
mixture of monolayer, multilayer and no-growth areas.(98) This could be attributed to a low
density of Mo active species absorbed on the substrate under a low Pmo, Which ensures the
edge attachment to the as-formed monolayer MoS; nuclei as the dominant growth
mechanism. The grain size, morphology and intergrain stitching are sensitive to the
concentration of (C2Hs).S, H> and residual water in the CVD system. A high concentration
of these three constituents, which links to an enhancement of S vapour concentration, led to
an increase of the nucleation density and a decrease of the grain size. In addition, the

intergrain boundaries did not remarkably degrade the electrical transport properties of their
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monolayer MoS; films, which was presumably due to a good lattice stitching with less

defects at grain boundaries.

To conclude, route Il is a more feasible and controllable way to grow large-area, high
quality uniform monolayer MoS> domains and films with big grain sizes compared with
route I. Its advantages come from: (1) the nature of the vapour phase reaction, which
provides a better mixture between reactants, a more thorough sulphurization process and a
larger mean free diffusion path of species on the substrate, which enhances product’s
crystallinity and grain sizes; (2) a more accurate control on the injection amount of
precursors, as precursors are vaporized and diluted in the inert carrier gas, giving a better
tunability on their concentrations; (3) more adjustable parameters, such as the independent
temperature control on S, Mo-based precursor and the growth substrate, the chamber
pressure, seeds coated on the substrate, etc., which increases the flexibility of the MoS;
growth; (4) a more time-effective, one-step fabrication process. However, the increased
controllability and flexibility also indicate an enhanced complexity in the growth mechanism.
Until now, the detailed mechanism of route Il has not been fully understood. There are two
possible processes. One supports an ‘absorption-surface reaction’ process, where both the
Mo-based (M0Os.x) and S-based (S or H2S) precursor species first absorb on the substrate
followed by a surface migration/reaction process between them to form 2D MoS. The other
indicates a ‘gas phase reaction-precipitation’ process, where both precursors first react
directly in the gas phase to form gaseous MoSz, which then precipitates from the gas,
nucleate and grow 2D MoS: on the substrate. To realize a full control of 2D MoS> growth
in route 1, an in-depth understanding of its growth mechanism is highly desirable, which

relies on the careful study of key synthesis parameters. | will discuss them in the next section.
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2.4.3 Discussion

Even though hundreds of different recipes in route Il have been reported, there exist
some fundamental factors of growth, which are of universality and govern the synthesis
results. In my perspective, three factors are of great significance. The first is the growth
temperature (Tgrowth), Which is often close to the substrate temperature (Tsubstrate) in Most
CVD designs. It predominantly determines the reaction rate and the complete degree, as well
as the surface migration ability of adsorbates on the substrate. It also impacts the density of
absorbed active species (Mo-based, S-based precursor molecules and as-formed MoS) on
the substrate (Dsurface). The second key factor is the density of gas molecules in the growth
system (Dgas), which is commonly tailored by the total chamber pressure (Pchamber). Dgas
influences the volatilization and diffusion of precursors. More significantly, it dominates the
mean free path of the gas molecules, thus impacting the rate of the mass transport procedure
in the gas phase. Therefore, an alteration on Dgss is frequently applied to kinetically switch
the rate-limiting step between the mass transport process and the surface reaction/diffusion
process,(99) which influences the thickness uniformity of MoS,. That is why APCVD and
low pressure CVD (LPCVD) usually have distinct growth mechanisms and results. The third
factor is the density of active species absorbed on the substrate surface, defined as Dsurface.
Dsurface influences the nucleation density and the grain size of as-grown MoS,. A decrease in
Dsurface Will reduce the nucleation density and enlarge the grain size. Furthermore, at a
suitable Tgrowth, Dsurface gOverns the average distance travelled by an active particle before
collisions with another active particle on the surface, defined as mean free migration length
(Lsurface). The lower the Dsurface 1S, the longer the Lsurface Will be. A longer Lsurtce triggers the
MoS: growth to be thermodynamically controlled rather than kinetic controlled. Therefore,
it gives rise to an enhanced crystallinity and facilitates the layer-by-layer growth of MoSo,

because absorbed active species are capable of migrating and binding to energetically
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favourable sites (edges and corners of the as-formed MoS, monolayer nuclei) to expand
pristine monolayer lattice. Unfortunately, Dsurface iS NOt a parameter that can be directly
controlled in experiments. It is determined by Tsustrate and the partial pressure of gas
precursors based on the adsorption law. The partial pressure of precursors can further be
controlled by those experimental parameters, including the heating temperature for the Mo-
based and S-based precursors (Twmoand Ts), their usage amounts, the flow rate of the carrier
gas and even the Pchamber When the chamber pressure is pumped below the equilibrium partial
pressure of the precursor at its heating temperature. | will discuss these experimental

parameters in the following paragraphs.

In principle, a good Tsubstrate Should ensure a thorough sulphurization of the Mo-based
precursor, a relatively low Dsurface, and supply enough energy for absorbed active species on
the substrate to overcome the surface migration barrier. The ideal growth temperature when
using MoOs and S as precursors was reported to be 800-850°C, and increasing the growth
temperature is widely found to be beneficial for the MoS; crystallinity improvement.(36)
Twmo, and Ts directly influence the partial pressure of Mo-based and S-based precursor
vapours, denoted as Pgas-mo and Pgas-s, respectively. The growth is commonly conducted in a
S-sufficient atmosphere (Pgas-s >> Pgas-mo) With a low Pgas-mo for the purpose of a complete
sulphurization process and suppressing the nucleation density, especially when using MoOs
and S as precursors.(36) The MoS2 domain morphology was found to be sensitive to the
ratio between Dgas-mo and Dgas-s (See section 4.1).(100) The usage amount of precursors can
also impact their corresponding partial pressure in the system under a certain heating
temperature. However, since the evaporation of the solid precursors is directly related with
their surface area rather than the weight. It is necessary to keep the surface area of precursor

powder to be roughly the same between each experiment as well when the usage amount
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does not change, so that the partial pressure of the precursor vapour can remain stable in

each attempt.

In terms of the carrier gas, if it is fully composed of inert gases (N2, Ar, etc.), its effect
predominantly lies in the dilution of the gaseous precursors, transporting reactants to the
reaction zone and removing by-products out of the CVD system. However, if the carrier gas
contains active ingredients, such as Hz when utilizing Mo(CO)e and (C2Hs)2S as precursors,
it plays a more complicated role. Ho, on the one hand, promotes the decomposition of
(C2Hs)2S to release active S-based species for MoS: nucleation and growth, and on the other
hand, etches the as-grown MoS; and prevents the intergrain connection. Therefore, a proper
ratio between Hz and the inert gas should be determined to reach a good balance between
the above competing effects. In addition, some commonly-encountered impurity gases, such
as H.0 and O, may also play an important role in the MoS, growth and influence the
reproducibility. Water vapour can convert MoOs to a volatile mono-hydroxide (MoO2(OH)2)
at elevated temperatures, hence the sublimation amount of the Mo-based precursor vapour
would increase at a certain temperature if there is residual water in the growth system or the
MoOs is stored in the humid atmosphere.(101) A small amount of oxygen (2 sccm oxygen
and 100 sccm Ar) has been reported to be conducive to the large-area (side length: ~350um),
single-crystalline monolayer MoS> growth, as oxygen can suppress the nucleation density
of MoS: due to its etching of unstable MoS: nucleus.(102) However, as oxygen may also
etch MoS; domains and induce defects, the introduction amount needs to be carefully

controlled.

Pchamber 1S powerful to alter the Kkinetic process of the MoS; synthesis. A 1ow Pchamber
induces a small Dgas, which leads to a long mean free path of gaseous molecules, so that the
evaporation of solid precursors speeds up. It also promotes the mass transport procedure,
making molecules easier to diffuse through the bulk gas phase to attach on the substrate
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surface. That is why most LPCVD is controlled by the surface reaction procedure, rather
than the mass transport one, which is opposite to the APCVD.(98, 99, 103, 104) The
advantages of a low Pchamber involve (1) making the rate-limiting step to be surface reaction
instead of mass transport, so that the thickness homogeneity of MoS: is less affected by the
uniformity level of gaseous precursors around the substrate surface; and (2) generating a low
partial pressure of precursor vapours, which gives rise to a small nucleation density and a
mild growth rate of MoS». The first merit is particularly critical when using the precursor
with a high melting point (low vapour pressure), e.g. MoOgz powder, as it is difficult to realize
a homogenous dispersion of it in the gas phase. However, since LPCVD requires pumps and
higher energy consumption, it deserves to investigate a proper APCVD design, which can
alleviate the negative gradient effect of gaseous precursors on the MoS; layer uniformity

(see section 4.2).

Apart from the aforementioned parameters, there exist other key factors, including the
substrate material and the seed crystals. SiO2/Si is the most widely used substrate due to its
good compatibility with Si-based electronics. However, both its relatively low chemical
inertness and a high charged impurity on the surface are detrimental to preserve the intrinsic
property of monolayer MoS,, leading the as-grown product to be seriously doped. In
addition, as SiO> lacks a periodic lattice configuration, it cannot realize the epitaxial growth
of MoS,. Compared with SiO2/Si, sapphire performs better due to its increased chemical
stability, making MoS: less oxygen doped after experiencing a high temperature synthesis
procedure and display a higher crystallinity. However, in comparison with 3D-structured
SiO. and sapphire, 2D substrate (graphene (graphite), h-BN, mica, etc.), inherently
possessing atomically flat surface with no dangling bonds and less charged impurites, could
be a better choice as substrate materials (see section 2.4.4).(95, 105-107) Their periodic

lattice structures coupled with weak van der Waals interactions at interlayers are
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advantageous for the alignment of MoS, domains, even when there exists a poor lattice
commensurability between MoS: and the underlying 2D substrate.(105, 106, 108) It is
noteworthy that a low growth temperature is commonly considered beneficial to the epitaxial

growth of MoSy, since a greater thermal energy promotes a random alignment of the nuclei.

In the initial attempts of monolayer MoS» growth, seeds were widely used, among
which aromatic molecules with a high sublimation temperature and a superior chemical
stability were manifested as the best. The assistant effect of seeding promoters is
demonstrated to arise from their wettability, which reduces the surface energy for the
nucleation and growth. Therefore, the growth temperature for 2D MoS; with the presence
of seeds on the substrate is commonly lower than that on the bare substrate. It has also been
reported that seeds impact whether the growth mode is layer-by-layer or island growth, as
the surface adhesive force between seed molecules and MoS: varies with the seed species.
When the surface adhesive force between monolayer MoS; and seeds surpasses the cohesive
force between two layers of MoS, layer-by-layer growth dominates.(93) Otherwise, island
growth is preferred. However, since seed-promoted MoS; growth requires an extra pre-
coating procedure on substrates and introduces impurites which might deteriorate material’s

property, it is less prevalent now.

2.4.4 MoS2-Based 2D Vertical Layered Heterostructures

In parallel with the progress of growing monolayer MoS, with large area and better
quality, the fabrication of 2D wvertical layered heterostructures (van der Waals
heterostructures) incorporating monolayer MoS> with other 2D layered materials emerges,
including graphene, #-BN and tungsten disulphide (WS>). The feasibility and the application
prospect of this idea derive from the structural feature of 2D layered crystals. On the one
hand, each type of 2D layered crystals displays a high periodicity of atom arrangement in-
plane through strong covalent bonds, which gives them special electrical, optical and
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mechanical properties distinctive from amorphous materials due to crystal’s anisotropy. On
the other hand, they have weak van der Waals forces at interlayers, a large surface area and
an ultrasmall thickness. Therefore, highly disparate 2D layered crystals can be vertically
assembled without a strict constraints of lattice commensurability. The newly generated
heterostructures will adopt a novel lattice periodicity, which empowers the tunability and
creation of material’s fundamental properties. Moreover, such construction of new hybrid
materials goes deeply into changing the unit cell configuration, being totally different from
the traditional stacking of various 3D-structured thin films, in which the modification is only

limited at the interface.

There are two prevalent fabrication methods of vertical layered heterostructures, the
mechanical top-down technique and the direct-growth bottom-up approach. The first method
is carried out by sequentially transferring and restacking different mechanically exfoliated
or CVD-grown 2D layered materials on top of each other. The second one is primarily
completed by CVD growth. Both two methods have advantages and weaknesses. The
mechanical assemble method is less limited by the synthesis process of different 2D
materials and has greater freedom on tailoring the crystal orientation alignment between
different layers. However, it suffers from a poor scalability, a high requirement on the
accurate position control when stacking two layers, and a more serious contamination
problem at interfaces, which could spoil the interlayer contact and the whole periodic
structure of the vertical heterostructures. In contrast, the CVD method is more scalable and
time-effective. It also can create clean and atomically sharp interfaces, and implement the
large-area growth of vertical heterostructures with ordered crystal orientation alignment.
Nevertheless, more attention needs to be paid to finding an appropriate synthesis condition.
In this section, typical CVD growth strategies about MoS>/graphene, MoS>/h-BN and

WS,2/MoS; will be introduced.
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Shi et al. reported the epitaxial growth of multilayer MoS; flakes on metallic graphene,
which was CVD-synthesized on the copper (Cu) foil.(/05) The precursor, (NH4)2Mo0S4, was
dissolved into the organic solution and transported into the reaction zone through bubbling.
The growth occurred at a low temperature of ~ 400 °C in the flowing Ar under a low pressure
of ~ 10 mTorr, forming hexagonal or quasi-hexagonal MoS; flakes with a lateral size ranging
from several hundred nanometres to several micrometres and a thickness between ~ 2 and ~
5 nm. The fast Fourier transform of the STEM image showed a relatively narrow orientation
distribution of as-grown MoS; with respect to the graphene template (from -11 to 18°),
indicating an epitaxial tendency. Next, Lin et al. grew monolayer to multilayer MoS> using
epitaxial graphene on silicon carbide (SiC) as the template (Figure 2.10a).(/06) The
synthesis was carried out at 670 °C utilizing MoOs3 and S as precursors in route II under a
low pressure of 5 Torr in the pure Ar flowing gas. The 2D MoS; films expanded through a
combination of layer-by-layer growth and island growth. Miwa et al. also reported the
epitaxial growth of monolayer and bilayer MoS; sheets on the graphene/SiC substrate under
ultrahigh vacuum condition. The growth was conducted through a cycled procedure of Mo
deposition and sulphurization in route I at a temperature of ~ 777 °C under 107'° mbar.(109)
The common discoveries in the above three papers can be summarized as follows: (1) even
though there exists a large lattice mismatch (~ 28%) between MoS» and graphene, it can be
largely relaxed through a weak van der Waals interaction at interfaces, which is conducive
to the formation of MoSz/graphene heterostructures; (2) those structural imperfection
regions on graphene, such as wrinkles and terraces, are prone to becoming nucleation sites
for MoS,, which might also be detrimental to the thickness uniformity of the as-grown MoS;;
(3) graphene does not perturb the intrinsic electronic structure of 2D MoS; and can even
improve its photoresponsivity; (4) graphene performs as a robust substrate for MoS», being

able to survive in a high growth temperature without obvious quality degradation and being
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tolerant to various precursors; (5) there exists a strong epitaxial tendency between MoS» and

graphene, which could originate from the symmetry match between two crystals.
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Figure 2.10. CVD growth of MoS;-related 2D vertical layered heterostructures. (a) Cross-
sectional HRTEM image of MoS./graphene vertical heterostructures. (b) Dark filed TEM image
showing monolayer MoS; grown on an exfoliated h-BN flake by selecting a diffraction spot (orange
circle) in (c). (c) Selected area electron diffraction (SAED) pattern of as-grown monolayer MoS; on
h-BN. The green and purple hexagon represents diffraction spots from MoS; and h-BN, respectively,
showing a rotation angle of ~ 9°. (d) Histogram showing the distribution of the rotation angle
between MoS; and h-BN at 22 different locations similar to the growth in (b). (¢) CVD setup of
vertical heterostructures of WS,/MoS, monolayers. (f) Optical image of vertically stacked
WS,/MoS; heterostructures. (g,h) ADF-STEM image of the step edge of WS,/MoS; bilayer (g) with
corresponding atomic models (h). The green dashed line marks the step edge. Two red triangles
indicate the lattice orientation of monolayer MoS; (top part) and WS, (bottom part), respectively.

Inset is the Fast Fourier transform of (g). (i) PL spectra showing an emerging peak at 875 nm for the

2-43



Chapter 2  Literature Review

CVD-grown WS,/MoS, sample, which is absent in transferred WS,/MoS; heterostructures, MoS;
bilayer and WS; bilayer samples. Figures reprinted (adapted) with permission from: (a), ref.(106),
© 2014 American Chemical Society; (b-d), ref.(108), © 2015 American Chemical Society; (f-i),
ref.(110), © 2014 Macmillan Publishers Limited.

Wang et al. was one of the pioneers to synthesize monolayer MoS> on 4-BN films
without the help of seeds (see Chapter 5 ).(//7) The reaction was conducted at ~ 800 °C
under ambient pressure using MoOs and S as precursors in route 11, and the substrate was
CVD-grown multilayer h-BN films, which was transferred onto the SiO»/Si chip. Truncated
three-point-star-shaped monolayer MoS, domains were obtained with a side length of ~ 3
pum. Raman and PL spectroscopy were applied to manifest the merits of CVD-grown MoS»
monolayers on 2D /4-BN films compared with mechanical transfer method and those grown
Si0,/Si substrate, including smaller lattice strain, lower doping level, sharper interfaces and
better interlayer contact. Next, Yan ef al. grew single- and multi-layer MoS; on exfoliated
h-BN flakes using MoOs and S precursors as well (Figure 2.10b).(/08) Monolayer MoS»
was found to exhibit a narrow rotation angle distribution (< 5°) with respect to the underlying
h-BN (Figure 2.10c,d). In general, #-BN is an ideal insulating 2D substrate for MoS», which
has a high chemical inertness and less trap states on the surface, thus maintaining the

intrinsic property of 2D MoS; effectively.

Gong et al. realized the vertical growth of WS2/MoS; heterostructures, in which both
layered materials are direct bandgap semiconductors in a monolayer regime.(//0) Tungsten
(W), MoOs and S were utilized as the source of the elements of W, Mo and S. Importantly,
W was scattered directly on the growth substrate of SiO2/Si with an addition of tellurium
(Te), which facilitates the formation of WTe alloy having a much lower melting point than
that of W (Figure 2.10e,f). Hence, the diffusion of W atoms on the substrate surface was
accelerated for monolayer WS> growth. The reaction was conducted at ~ 850 °C under

atmospheric pressure, rendering the epitaxial growth of monolayer WS> on top of monolayer
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MoS;, following 2D stacking perfectly (Figure 2.10g,h). The absence of contaminations
due to the in situ growth gives a sharp interface, thus allowing the emergence of a novel
direct bandgap deriving from the type-II band alignment between vertically stacked WS>
and MoS, monolayers (Figure 2.10i). The formation of vertical layered heterostructures
rather than MoxW1xS> alloy was attributed to the different nucleation and growth rate

between MoS; and WS».

To sum up, the vertical heterostructures having 2D MoS, assembled with metallic
(graphene), insulating (4-BN) and semiconducting (WS:) atomic layers can all be fabricated
by CVD with proper recipes. Apart from these layered materials as the 2D building block
for the fabrication of vertical heterostructures, researchers are dedicated to stabilizing more
non-layered materials into a 2D form by exploiting suitable layered materials as
templates,(//2, 113) which can dramatically enrich the library of 2D wvertical

heterostructures and improve our ability to tailor materials’ properties.

2.5 Conclusion

Compared with graphene consisting of only one layer of carbon atoms, 2D MoSa,
which has an increased element diversity and structural complexity, possesses more
tunability on properties. To make the 2D MoS: applicable, developing cost-effective and
environment-friendly synthesis strategies to produce wafer-scale, high-quality, continuous
MoS: films with uniform and controllable thickness as well as large grain sizes is the first
target. Many approaches with disparate recipes have been reported. However, an in-depth
understanding of the dominant factors and the growth mechanisms hidden behind a diversity
of experimental parameters are still lacking. Secondly, since the 2D MoS: is susceptible to
the environment, surface adsorbates from the air or the substrate and the tiny lattice strain
introduced either due to the artificial substrate bending or in the growth procedure can alter

the electrical and optical properties of MoS, remarkably. This leads to the actual
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performance of the 2D MoS: to be closely linked with its application condition, making the
comprehension of the environmental influence, such as surface adsorbates and substrate
effect, on the 2D MoS; properties to be significant. Thirdly, thanks to the structural diversity
of 2D MoS: in both the crystal phases and the defective configurations, it provides much
freedom to tailor the material’s property from the bottom level by artificially changing the
periodicity of the pristine MoS; lattice. This target can be better accomplished with the help
of the state-of-the-art (S)TEM, which can manipulate the atomic structure of 2D MoS; with
a high spatial controllability and a real-time imaging. Finally, much development potential
in 2D materials is hidden in 2D vertical heterostructures, which opens up a door for
customizing materials with desired properties simply by choosing suitable 2D fundamental
building blocks from a big material library and assembling them together. Many of these

important aspects in the 2D MoS; research will be touched in my following investigations.
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Chapter 3  Methodology

3.1 Introduction

The purpose of this chapter is to introduce the specific experimental setup and
characterization techniques utilized in my research project, which are achieved by an
understanding of previous work combined with my practical experience based on existing
experimental conditions in our lab. Detailed information including the design of the CVD
system, growth recipes, operating procedures of various analytical apparatus and typical data

processing methods employed in my work will be covered.

3.2 CVD Synthesis and Transfer

The CVD system used for monolayer MoS; preparation is composed of four parts: (1)
a 1-inch-diameter quartz tube; (2) two independent tubular furnaces; (3) a gas delivery
system; and (4) a gas exhaust system (Figure 3.2). The quartz tube acts as a reactor. Both
two precursors, MoOs and S powder, and the substrate are placed at different locations in
the quartz tube. The tube is inserted through the centres of two tubular furnaces during the
reaction. Furnace 1 is responsible for the heating of S powder, while furnace 2 controls the
temperature of MoO3 powder and the substrate. The separate temperature setting on MoO3
and the substrate is implemented by tuning their positions in furnace 2, which makes use of
the existing temperature variation as a function of the horizontal position in the tubular
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furnace open both ends (Figure 3.1). The purpose of applying two furnaces is to give an
independent temperature control on both two precursors and the substrate, thus facilitating
the free adjustment on two fundamental growth parameters, which are the growth
temperature (Tgrowth) and the density of active species (Mo-based and S-based) absorbed on
the substrate (Dsurface), respectively (see section 2.4.3). The gas delivery and exhaust system
are connected to two ends of the quartz tube, respectively. The gas delivery system involves
a mass flow controller (MFC) for a precise manipulation on the flow rate of pure Ar gas,
which is used as the inert carrier gas of MoS> growth. The gas exhaust system consists of a
relatively long plastic pipeline linked with a bubbler. Since the redundant S vapour is prone
to solidifying in the exhaust pipeline, it is necessary to monitor the bubbling rate in the
bubbler before and during the reaction to avoid the overpressure in the quartz tube, and
replace the congested pipeline in time. The detailed design about the loading manner and
loading positions of both precursors and the substrate based on different research targets will

be introduced in Chapter 4 and Chapter 5.
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Figure 3.1. Plot showing the temperature gradient as a function of the horizontal position in furnace
2, when the temperature in the centre of the furnace are 700°C and 800°C, respectively. The

temperature gradient from 14 cm to 16 cm is mild, having less than~4.5°C difference, which ensures
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a uniform heating temperature for substrates loading in the furnace centre. The temperature gradient
close to the end of the furnace is relatively sharp, providing flexibility to adjust the heating
temperature of the MoOz; powder by switching its horizontal position close to the furnace end.
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Figure 3.2. Photograph and schematic diagram showing the general CVD experimental setup for

monolayer MoS; growth.

3.2.1 Preparation and Growth of Monolayer MoS2

If the monolayer MoS; was directly grown on bare silicon substrates coated with a 300
nm oxide layer (SiO2/Si), the substrates need to be cleaned thoroughly before the growth to
avoid the unfavourable heterogeneous nucleation during the reaction. Substrates were
cleaned in acetone for 30 min and then 2-propanol for 15 min via ultrasonic bath, followed
by a treatment of O2 plasma for 5 min. All the recipes employed in the thesis for monolayer
MoS; growth were hydrogen-free CVD approaches in atmospheric pressure with precursors
of MoO3z (>99.5%, Sigma-Aldrich, melting point: 795 °C, particle size: 100nm) and S
(>99.5%, Sigma-Aldrich, melting point: 115 °C, boiling point: ~ 445 °C) powder. Since the
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detailed technical parameters of recipes for different study purposes vary, only their
common points are included in this section, while their features will be highlighted in
corresponding chapters of results. After loading the precursors and the substrate at designed
locations, the CVD system was flushed by ultra-high purity Ar gas in a high flow rate of 500
sccm (standard cubic centimetres per minute) for ~ 90 min at room temperature to eliminate
O2 in the growth system. During the reaction, S powder was heated at a temperature ranging
from150-180 °C and its usage amount exceeded that of MoOs greatly. This is to generate a
general S sufficient atmosphere, thus ensuring a thorough sulphurization of MoO3 to convert
into MoS,. However, the temperature at the substrate was maintained above the heating
temperature of S even at the S vapour pre-introduction stage to avoid any deposition of S on
the substrate, as it may contaminate the surface cleanness and spoil the homogeneous
nucleation and layer-by-layer growth of MoSz. The reaction was conducted at ~ 700-800 °C,
which is consistent with the suitable growth temperature demonstrated by literatures when
using MoOs and S as precursors (see section 2.4.3). The flow rate of Ar gas was decreased
to generate a proper concentration of gaseous precursors during the MoS; growth. After the
reaction, the residual S in furnace 1 was quickly exhausted by setting the temperature of
furnace 1 up to ~ 400 °C for ~ 5 min with a high Ar flow rate of 500 sccm. Subsequently, a
fast cooling process was applied by shifting the substrate region out of furnace 2 rapidly and
using an electric fan to speed up the cooling process. The purposes of these actions are to (1)
prohibit any S deposition on the substrate after the reaction; (2) accurately control the
reaction time; and (3) avoid the sublimation and potential oxidation of as-grown MoS;
monolayers in a slow cooling process. All the growth strategies can be completed within 90

min.
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3.2.2 Transfer of Monolayer MoS:

The as-grown monolayer MoSz on the SiO2/Si substrate can be transferred onto an
arbitrary substrate, such as SizN4 TEM grids, for further characterizations using a polymer-
assisted method (Figure 3.3). Its surface was first spin-coated with a thin film of poly-
methyl-methacrylate (PMMA, 8% wit. 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 layer. Subsequently, the PMMA/MoS./SiO/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 SiO2/Si
substrate when it was spread by the centrifugal force, all the edges of the SiO/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 SiO, 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
SisN4 TEM grid (Agar Scientific AG21580) or other substrates, 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
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the new sample in the acetone solution for 8 hours. It is worth mentioning that, if the transfer
was aimed at releasing the built-in strain of the MoS; directly grown on the SiO,/Si substrate
(see Chapter 5), all the baking processes involved should be avoided, as they could introduce
new strain due to the difference on the thermal expansion coefficient between MoS; and the

new substrate.

Scoop PMMA/MoS,
film on TEM grid Remove PMMA

Remove SiO,

CVD-grown monolayer PMMA ti
MoS,domains fcoa "9

Y \\\

< Si0,/Si
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Figure 3.3. Schematic illustration showing the transfer process of monolayer MoS; from the growth
substrate to a TEM grid.

3.3 Scanning Electron Microscopy

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 nanometres of the surface can escape. In
this project, Hitachi S-4300 field emission scanning electron microscope was operated to
characterize micrometre-scale features of the as-grown 2D MoS; and MoS2/h-BN
heterostructures, including the nucleation density, domain size and shape, layer number and
film continuity. All 2D specimens were on SiO2/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
HA. The choice of such a low accelerating voltage is for gaining clearer surface structures
with less electron charging and irradiation damage to samples.
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3.4 Raman and Photoluminescence Spectroscopy

Raman and photoluminescence (PL) spectroscopy were employed in this research
project to investigate the layer number, lattice strain, doping level and interlayer contact of
as-grown 2D MoS:> (see section 2.3.2 and 2.3.3). The spectra were captured by a JY Horiba
LabRAM ARAMIS imaging confocal Raman microscope, which couples a Raman
spectrometer with a standard optical microscope. Therefore, a high magnification
visualization of the sample and the Raman/PL signal acquisition using a micrometre-sized
laser spot can be conducted simultaneously. The excitation light was a 532 nm laser with an
estimated laser spot size of ~1 um. Before the measurements, the Raman spectrometer was
calibrated by a standard silicon chip (520.7 cm™) to exclude any instrumental error
introduced into the collected data. Two types of grating can be selected, being 600 g/mm
(600 grooves per mm grating) and 1800 g/mm, respectively. The density of grooves is
proportional to the resolving power of the spectrometer, but is inversely proportional to the
wavelength coverage. Upon using Raman mode, 1800 g/mm was selected to give a better
spectral resolution without a concern about the relatively narrow wavelength coverage this
type of grating can cover, because all the characteristic vibrational modes of monolayer
MoS: are located within a small frequency range (see section 2.3.3). The spectrum was
normally taken from 300 to 600 cm™ with an acquisition time of ~2 seconds and an
accumulation number of ~2, which can supply a good signal-to-noise ratio and avoid any
sample damage by the thermal effect from the laser. The PL spectrum was normally captured
from 500 to 750 nm using the coarse resolution 600 g/mm grating with the same acquisition
time and accumulation number as those used in Raman spectra. The PL spectral range
covered not only PL peaks but Raman peaks as well, as the latter was used to normalized
the PL spectrum to show the quantum efficiency of 2D MoSz, which links with the layer

number.(44) To investigate the thickness homogeneity of as-grown MoS2, a Raman/PL
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mapping was employed by conducting multi-point spectra collection across lateral
dimensions (XY coordinates) in a fixed step size. Thanks to the SWIFT™ mapping mode
embedded in the HORIBA Raman system, the acquisition time at each spot can be decreased
to 0.1 second without compromise in characterization quality. The step size was set to be 1
pum, being similar as the diameter of the laser spot. A step size smaller than the laser spot
diameter causes an obvious convolution effect especially on the MoS; edges, while a larger

step size degrades the spatial mapping resolution.

3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is the most unambiguous characterization method to
provide information about the sample thickness and surface morphology of 2D MoS,. The
as-grown MoS; on either a SiO2/Si substrate or a h-BN/SiO2/Si substrate can be directly
used for AFM measurements due to a good surface flatness and rigidity. The AFM
characterization was performed by Asylum Research MFP-3D in a tapping mode (AC mode)
with a silicon AC-160TS cantilever (Olympus, spring constant of ~42 N/m and resonant
frequency of ~300 kHz) (i.e., data was collected by Dr Merce Pacios). Various imaging
modes can be recorded simultaneously, including the topological imaging mode and the
phase mode. The first was used to characterize the thickness of monolayer MoS; on the
SiO/Si substrate, as this mode commonly displays the height change of material surface.
However, when monolayer MoS, was grown on h-BN films, it was invisible in the
topological mode, which could arise from an increased surface roughness of transferred
CVD-grown h-BN films that covered up the height alteration at MoS. regions. In this case,
the phase imaging mode, which is sensitive to the elasticity variation between different
materials, was employed, thus differentiating monolayer MoS; areas with bare h-BN films
clearly. The ‘Gwyddion’ software were applied to generate AFM mappings and

height/phase profiles.
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3.6 Transmission Electron Microscopy

3.6.1 Aberration-Corrected Transmission Electron Microscopy

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 CEQOS, which are capable of correcting aberrations up to the third order. 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 solve and correct Cs based on the wave aberration function by the software
(Figure 3.4a, b). After Cs being corrected, the resolution of the ACTEM system can reach
~1.2 A. Images were recorded using a Gatan Ultrascan 4k x 4k CCD camera with 1-2 s
acquisition time, 2 pixel binning. The electron dose used for imaging was ~10° e/nm?.
Figure 6.6d was captured with an additional use of a double Wien filter monochromator
with a 7 um slit (i.e., data was collected by Dr Kuang He), which reduced the energy spread
of the electron beam to ~0.21 eV, thus further improving the resolution to ~0.8 A. The
general sample preparation procedure is outlined in section 3.2.2. However, exposing TEM
samples in the air induces the amorphous contamination accumulated on the surface of
monolayer MoSz, 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,(114) where samples were buried in the activated carbon powder and baked
at ~200 °C in the air for ~ 60 min to remove adsorbates thoroughly. Figure 3.4c shows the

surface of monolayer MoS; after the dry-clean treatment, where an area exceeding 120 nm?
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is absent of contamination, which provides a large window to image the pristine lattice of
monolayer MoS». The contamination only occupies a small region marked by yellow dashed
lines in Figure 3.4d. White spots in the central area of panel d correspond to the locations

of vacancy defects.

Figure 3.4. (a,b) Zemlin tableau taken with an outer tilt angle of 24 mrad on the 0J2200 MCO. (c)

AC-TEM image showing the surface of monolayer MoS, after the dry-clean treatment. (d)
Reconstructed AC-TEM image after removing the MoS; lattice by applying a fast Fourier transform
(FFT) filter. The contaminated area is marked by yellow dashed lines.

3.6.2 Image Processing and Simulation
Images were processed using the software of ImageJ. They were initially adjusted with

a band-pass filter (between 100 and 1 pixel), which primarily cut out signals from low spatial
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frequencies to mitigate the beam stigmatism effects, thus improving the long-range non-
uniformity on the illumination intensity. A Gaussian blur filter (2-4 pixels) was subsequently
applied to smooth images. Mathematically, it equals to convolving the AC-TEM image with
a Gaussian function in the real space, which intuitively can be understood as using the
weighted average of a spot’s neighbourhood as the new value for this spot. Since the Fourier
transform of a Gaussian function is still a Gaussian function, this convolution operation
corresponds to multiply the Fourier transform of this image with another Gaussian function
in the reciprocal space. Therefore, the effect of a Gaussian blur filter is to remove noises
from high spatial frequencies and at the same time perverse the edge features better than
other uniform blurring filters. The Gaussian blur applied on Figure 6.3a-c in is 8, which is
for the specific purpose of highlighting locations of vacancies and line defects in the low
magnification AC-TEM images. The original grayscale images with black atom contrast
were inverted and then a fire false colour look up tables (LUT) was used to improve the
visual contrast. The magnifications of AC-TEM images were calibrated using the reflexes
from {100} of monolayer MoS: as a reference (zigzag lattice directions, see Figure 2.2a),

whose lattice spacing is ~ 0.27 nm.

Atomic models were established via the software of Accelrys Discovery Studio
Visualizer. Those models calculated by density functional theory (DFT) were conducted by
Prof Gun-Do Lee, Mr Sungwoo Lee and Prof Euijoon Yoon. The coordinate value of each
atom in the atomic model was then converted into a suitable format, which is readable by
the image simulation software, using a Python script written by Dr Christopher S. Allen.
Multislice TEM image simulations based on corresponding atomic models were generated
using JEMS software (programmed by Dr P. A. Stadelmann), where multislice
approximation is applied by dividing specimen into many thin slices in order to imitate the

multiple scattering as the electrons propagate through the specimen. The simulated TEM
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images were used as a comparison with experimental images to manifest the validity of the
configuration deduction. Many parameters can be adjusted to match different alignment
qualities of the equipment and the specific imaging conditions. The most frequently adjusted
parameters include defocus and defocus spread. Defocus indicates the distance between the
sample plane and the ideal focal plane. It varies from one image to another, because each
image was captured at a different z height. Defocus spread relates to the intrinsic energy
spread of the electron gun, as well as the fluctuation of the accelerating voltage and the
objective lens current. The defocus spread of 0J2200 MCO without a monochromator is ~6
nm. The other simulation conditions were set to an accelerating voltage of 80 kV, chromatic

aberration (C¢) of 0.591, Cs of 0.005, energy spread of -0.32 and a lens stability of 0.

3.6.3 2D Displacement Maps and Strain Analysis

The precondition of constructing 2D displacement and strain maps using a real space
method is the high resolution of a TEM image, where the position of each atom can by
unambiguously resolved, and my data in Chapter 6 meet this requirement. | first identified
the positions of atoms from the AC-TEM images having sulphur vacancy lines and
subtracted them from their expected locations in a periodic pristine MoS; lattice. This
approach was previously applied to resolve the strain in carbon nanotubes.(115) For 2D
displacement maps, | rotated the TEM image to align the S vacancy line’s length in the
vertical direction (y-axis), and chose one set of Mo atoms as the reference point (indicated
by the black arrow in the line of Mo atoms marked by white circles in Figure 6.8(i)a and
Figure 6.8(ii)a, respectively). This is used to accurately align the corresponding Mo atom
in a pristine lattice. The magnitude of each atom displacement is separately expressed by
two directions, x and y. Atoms undergoing displacement to right (up) are in positive values,
while those moving to left (down) are in negative. To resolve the 2D local lattice strain, |

initially used scattered interpolation with a proper step-size on the displacement map, and
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then calculated the displacement value difference divided by their location variations along
certain directions between each two interpolated spots to form 2D gradient maps of dUx/dx,

dUy/dy, dUx/dy and dUy/dx. These calculations were completed by writing a code in the

‘Matlab’ software. More detailed will be described in section 6.2.3.
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Chapter 4 CVD Growth of Monolayer MoS;

This chapter introduces two strategies for monolayer MoS, growth directly on the
silicon substrate coated with a thin oxide layer, which was developed in my first year of
PhD. The first method artificially creates a sharp spatial concentration gradient of MoOs3
vapour on the substrate, which both facilitates the achievement of MoS, monolayer domains
with the least experimental trials and provides a platform to study the shape evolution of as-
grown crystals depending on the precursor concentration gradient. The second approach
makes several improvements on the basis of the first method for the purpose of improving
the coverage area, thickness uniformity and continuity of the product. A Kkinetic growth
model is established to interpret the quality improvement of the as-grown MoS; via the

modified method.

4.1 Shape Evolution of Monolayer MoS; Crystals

4.1.1 Introduction

As discussed in section 2.4, CVD has been one of the most promising methods of
producing large area and high quality MoS; thin films. Many kinds of domain shapes have
been synthesized in the CVD method, such as triangles, hexagons, truncated triangles, three-
point stars and six-point stars.(36, 37) However, the understanding about the shape evolution
of MoS, domains is still limited. For graphene, significant attention has been paid to the
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study of morphology control, since many of graphene’s mechanical and electrical properties
are highly dependent on how differently shaped domains interconnect within the
polycrystalline film.(//6) Depending on their shape and size, graphene films exhibit a wide
variety of microstructures characterized by domain sizes, shapes, crystal orientation and
lattice defects.(//7) Thus, as an analogue of graphene, it is important to study the shape

evolution of 2D MoS> in chemical vapor deposition.

In this section, | present an experimental method to study the shape evolution of
CVD-grown MoS; domain (Figure 4.1). Scanning electron microscopy (SEM), Raman
spectroscopy, photoluminescence (PL) and atomic force microscopy (AFM) techniques are
employed to comprehensively study the crystal structure of MoS2 on the Si substrates with
300nm SiO- surface (SiO2/Si) after growth. | explain the different shapes using simple
principles of crystal growth and present a qualitative shape transformation model with

dependence on the Mo:S atom ratio.

MoO,(g) concentration

S powder SVapour . ' Distance

® .

Figure 4.1. Schematic illustration showing the shape evolution of monolayer MoS, domains as a

Ar

function of their spatial locations on the SiO»/Si substrate. The MoOs concentration gradient with

respect to the location is a schematic plot.
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4.1.2 Results and Discussion

4.1.2.1 Experimental Setup

Figure 4.2a—c shows an illustration of the CVD setup for MoS: growth, along with the
main steps of the growing method, and the temperature curves for both precursors (MoO3
and S powder), for the whole experimental procedure. Briefly, the samples were grown by
CVD with solid MoO3z and S using the recipe similar to the previous report.(37) In contrast
to the previous work,(37) I used two separate furnaces to provide accurate control of the
temperature of MoOs and S separately. Fifteen milligram MoOs powder (particle size:
100nm) was put in an aluminium oxide ceramic boat, where it is directly below the gap of
the first and the second substrate. The boat has a greater length along the gas flow direction,
creating a growth condition with a wider change of MoO3 concentration gradient. This
ceramic boat was placed in the second furnace and the MoOz powder was located in the
furnace centre. Also, 80 mg of sulphur powder (vapour pressure: ImmHg at 183.8°C) was
put in another aluminium oxide ceramic boat and the boat placed close to the downstream
of the first furnace. Four pieces of SiO2/Si substrates were tightly aligned on the boat, being
face down to the MoOs powder, and only leaving one small gap (~0.3cm) between the boat
head and the first substrate for Ar gas and S vapour in and another small gap (~0.2cm)
between the boat tail and the last substrate for gas out. The distance between the two ceramic
boats is 18 cm. This long distance is to ensure that the S vapours concentration gradient on
the SiO2/Si substrates can be ignored, compared with the MoO3 concentration gradient. An
ultralow Ar flow rate (10sccm) is also helpful for the gradient generation. The S powder was
heated 15 minutes after increasing the temperature of MoQOs. The growth temperature was
set to 700°C. Figure 4.2d shows the deposition pattern of pure MoO3 on the second SiO./Si
substrate when S is not introduced, revealing the MoOs concentration variation on the

SiO./Si substrate. This resulted in the deposition pattern after reacting with S (Figure 4.2e).
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Figure 4.2. (a) Schematic illustration of the MoS, CVD system. The plot showing the temperature
gradient as a function of the horizontal position in furnace 2 is given in Figure 3.1, indicating a
relatively uniform heating temperature for the MoOs precursor and the substrates placing in the
furnace centre. (b) Flowchart showing the main steps of the MoS; growing method. (c) Temperature
programming process of MoOsand S precursors. (d) Pattern of deposition of MoOs on the SiO/Si
substrate without introducing S. (e) Pattern of deposition of MoS; on the SiO./Si substrate after
growth. The side length of the SiO./Si substrate is 2 cm.

4.1.2.2 Characterization on Morphological, Vibrational and Optical Properties of as-
grown MoS:
Figure 4.3 presents a schematic illustration of how the second growth substrate is

spatially sectioned into six parts with corresponding SEM images from those sections shown
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below. Toward the edge of the deposited material, as shown by the dashed yellow oval,
isolated MoS:; islands with edge lengths ranging from 2 to 47.9 um were observed. The
islands merge into a continuous film toward the inner region of the deposited film.
Surprisingly, a regular shape change along the flow direction was observed. To clearly show
the dependence of the shape change on the distance from the MoQ3 precursor, the second Si
substrate was divided into six regions (1-6) along the gas flow direction (Figure 4.3). The
exact location of the MoOs powder precursor in the experiment was directly underneath the
left side of the second Si substrate. The MoS2 domain morphology in each region is shown
by the SEM images (Figure 4.3). It can be seen that, with the increase in the distance
between the precursor and the growth location, MoS; domains experience a regular
morphology transformation as well as a size change. Section 1 is dominated by ~6 um
truncated triangles. However, as the deposition location moves further from the MoO3
powder, the length of the truncated sides becomes shorter, and the morphology finally
changes to triangular with sharp edges and smooth sides. Also, the domain is obviously
enlarged and reaches a peak at ~50 um. Then the domain shape gradually transforms back
to truncated triangles. Within section 4, the truncated sides become longer, which results in
a hexagonal shape in section 5, ~10 mm from the MoO3 powder. In the last region in the
downstream part of the substrate, the morphology of MoS; is mainly ~2-3 pum small
triangles. In general, the morphology of MoS; along the gas flow direction on the surface of
the second Si substrate experiences a transformation from medium-sized truncated triangles
to large triangles, then back to medium-sized truncated triangles followed by decreasing
sizes of hexagons, and finally very small triangles. The small dark regions on the flakes and

films are secondary layers that form during CVD growth.
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Figure 4.3. Schematic illustration showing the spatial sectioning of the growth substrate into
sections 1-6 and the corresponding SEM images from the edge of those sections. The dashed yellow
oval indicates the typical region within a section examined by SEM, where individual domains can

be found. Each section of sections 1-5 has a width of 2-3mm, and section 6 has a width of ~5 mm.

To be sure that the domains imaged by SEM in Figure 4.3 were indeed monolayer
MoS>, they were characterized by Raman spectroscopy and AFM (Figure 4.4). Two
characteristic Raman vibration modes can be seen in the spectra in Figure 4.4a, the Ea,!
mode representing the in-plane vibration of molybdenum and sulphur atoms and the Aig
mode related to the out-of-plane vibration of sulphur atoms.(57) The frequency difference
between these two modes depends on the number of layers of MoS,. Here, the fitting results
show that these two modes are located at 384.7 and 405.0 cm’!, respectively, giving a
frequency difference Ak of 20.3 cm™'. This matches well with the frequency difference of

CVD-grown monolayer MoS: in previous work.(36, 93, 96) The full width at half maximum
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(FWHM) of the Ej,!' peak is 3.8 cm™, which is close to that of the exfoliated monolayer
MoSz, 3.7 cm™!, suggesting good crystalline quality of the CVD-synthesized monolayer
domains.(96) Raman mapping was also performed on a large triangle MoS> domain by
plotting the 2D spatial variation of the magnitude of the frequency difference between the
Aig and Ea,! peaks in order to show the thickness uniformity of a large area (Figure 4.4b).
More than 95% of the domain region has a Ak of < 20.5 cm™!, confirming a homogeneous
monolayer. Interesting, an obvious increasing of the frequency difference can be observed
at the edge of the triangle domain. Panels ¢ and d of Figure 4.4 give a typical AFM
measurement, showing the thickness of the domain is ~ 0.6 nm. This layer thickness is not
only in the range of single-layer MoS; film on the bare substrates (0.6—0.9 nm),(70) but also
consistent with the 0.6-0.7 nm value typically quoted for exfoliated monolayer films,
indicating that the MoS2 monolayer is of high quality without the presence of large scale

absorbents or other interactions between the film and the oxide substrate surface(//8).
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Figure 4.4. (a) Raman spectrum and (b) Raman map of the MoS, domain, plotting the spatial
variation of the magnitude of the frequency difference between Ay and Ea¢'. Laser excitation of
532nm was used. (c,d) AFM image and height profile for MoS, domains taken across the dotted
white line in (c).

Photoluminescence from differently shaped MoS, domains was characterized. Figure
4.5a shows the typical PL spectra from a synthesized MoS> domain. All three domains
showed a similar spectral profile in terms of peak position and FWHM. A strong PL signal
is located at 681 nm, which can be correlated to the Al excitation of MoS», and another
broad peak is located at about 625 nm, which is known as the resonance of B1 excitation.(44)
The intensity ratio between the A1 excitation and Raman is around 2.7, indicating that the
as-grown MoS> domains are monolayer with high quality. 2D images of the PL intensity for
different domain shapes have also been measured by stepping a focused excitation laser

(532nm) across the sample and integrating the PL signal from each point. Panels b-d of
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Figure 4.5 show corresponding PL intensity maps for a large triangle, medium truncated
triangle and a small hexagonal MoS, domain, suggesting high crystallinity and uniformity
of the MoS> monolayer. Additionally, for all kinds of shapes, there is a clearly visible

increase of PL intensity at the centre of domains and no edge enhancement.
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Figure 4.5. (a) Photoluminescence (PL) spectrum of a synthesized MoS; domain. (b—d) 2D images
of the PL intensity of triangle, truncated triangle and hexagon MoS; domains, respectively. The

excitation wavelength is 532 nm.

4.1.2.3 Qualitative Model for the Shape Evolution of MoS2: Domains
Here, | establish a qualitative model to explain the change in the morphology of MoS>
along the gas flow direction. The main reason for this shape change phenomenon is the

change in the Mo:S atom ratio along the SiO./Si substrate surface. Before the explanation,
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it is worthwhile to note that all the aforementioned characterized monolayer MoS, domains
were grown in the last 10 min of the main reaction session, which is marked by the green
bracket in Figure 4.2c, because if reducing the heat preservation time by 10 minutes, only
a minority of MoS: crystals with size of several hundred of nanometers can be seen in the
same area, where large domains with lateral size of tens of microns were observed in Figure
4.3 (Figure 4.6). During this period, the S precursor has been in the heat preservation stage
at 150 °C for 5 min. Associated with considering the long distance between S and MoOg3,
the S vapor gradient on one SiO2/Si substrate during the growth of monolayer MoS: can be
negligible. On the other hand, because the distance between the substrate and the MoO3 is

very small, there will be an obvious concentration gradient on the surface of substrates.

Figure 4.6. SEM images of MoS, domains on the second SiO-/Si substrate when reducing the heat

preservation time from 30 min to 20 min under the temperature of 700°C.

On the basis of the principles of crystal growth,(119, 120) the shape of a crystal is
determined by its growing rate of different crystal faces. The slowest growing facets become
the largest, and the rapidly growing facets either become smaller or disappear altogether.
The growing rate of facets commonly depends upon the surface free energy, and in 2D
crystals, this corresponds to the edge free energy. Not surprisingly, the low-energy facets
tend to be those that grow slowly. For monolayer MoSy, its final shape will be related to the
growing rate of different edge terminations. The most commonly observed edge structures
are Mo zigzag (Mo-zz) terminations and S zigzag (S-zz) terminations, which are supposed

to be the most energetically stable structures.(37) These two kinds of terminations are both
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zigzag edges; however, for S-zz edges, the S atoms are exposed to the outside and each S
atom has only two bonds with two Mo atoms (the saturated S in the MoS; should have three
bonds with three different Mo atoms), while for Mo-zz edges, the Mo atoms are exposed to
the outside and each has only four bonds with S atoms (the saturated Mo in the MoS; should
have six bonds with six different S atoms). This structural difference gives them different
levels of chemical activity under different Mo:S ratio conditions, which may impact the
growing rate and finally influence the domain shape. Generally, this problem can be
discussed by separating the Mo/S ratio on the growth substrate into three possible simplified

conditions: Mo/S>1:2; Mo/S=1:2 and Mo/S<1:2.

It is assumed that all shapes of domains start growing from a hexagonal nucleus with
three sides of Mo-zz terminations and another three sides of S-zz terminations (in fact, this
hypothesis is not necessary, just for simplifying the explanations). Under the first condition,
S-zz terminations grow faster than the Mo-zz terminations, because in Mo sufficient
atmosphere, S-zz terminations with unsaturated S atoms exposed to the outside are more
energetically unstable than the Mo-zz terminations and have higher probability of meeting
and bonding with free Mo atoms. In Figure 4.7 under the first condition, it can be seen that
if S-zz terminations grow faster than the Mo-zz terminations, the domain shape will change
from a hexagon to a triangle with three sides of Mo-zz terminations. Under the second
condition, where the Mo:S ratio corresponds to the stoichiometric ratio of MoSy, the
termination stability and the probability for two types of terminations meeting corresponding
free atoms are similar, which results in similar growing rates. In this case, the final shape of
the domains will be hexagonal. Under the third condition with a S rich atmosphere, the
analysis is similar to that of the first condition. The domain shape will also transform to
triangular but having three sides of S-zz terminations. To be more detailed, the exact ratio

between Mo and S atoms on the substrate will influence the energetic stability of Mo-zz and
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S-zz terminations, causing the growth rate difference. If the Mo:S ratio is >1:2, the rate of
growth of S-zz terminations will increase much faster than that of Mo-zz, making crystal
domains transform to a triangular shape in a very short period of time. However, if the Mo:S
ratio is slightly above 1:2, the difference in the rate of growth between two types of
terminations will be small, resulting in the formation of truncated triangles within the same

period of growing time.
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Figure 4.7. Schematic illustration of the relationship between Mo:S atom ratio and the domain shape.
The ball-and-stick models in the central part show the top view microstructure of the monolayer
MoS:; crystal in different shapes, while the ball models on the left shows two kinds of MoS;
termination structures. The schematic diagram on the right illustrates the domain shape changing

procedure depending on the growing rates of two different terminations.

There are several reasons to support the hypothesis described above. The first is that,
in the previous work, (36, 37, 92) different shapes of MoS, domains were synthesized by
adjusting the ratio between MoOs and S precursor amount. The relationship between the
domain shape and the Mo:S ratio fits the above hypothesis well. Lee et al. used 0.03 g MoO3
and 0.01 g S (Mo:S ratio of 1:1.5>1:2) to produce monolayer triangle MoS, domains.(92)
Najmaei et al. synthesized triangle monolayer MoS; crystals in S sufficient atmosphere, and

when they decreased the S precursor amount, hexagonal and truncated triangles were
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observed.(36) Another study claims that Mo-zz triangles have sharper, straighter edges than
S-zz triangles.(37) This morphological difference can be clearly seen for truncated triangles
in section 4 of Figure 4.3, where three short sides are much rougher than the other three
long sides. Based on the SEM characterization results, these truncated triangles grow
between large triangles and small hexagonal domains. On the basis of the model described
above, it should grow at a Mo:S ratio of >1:2, meaning that the S-zz terminations grow faster
than the Mo-zz terminations, so that S-zz terminations should be shorter than the Mo-zz one.
The greater roughness of shorter sides supports its S-zz edge structure and corresponds to
the analysis well. The third reason is that, this regular shape changing phenomenon not only
exists along the gas flow direction, but is also observed in the direction perpendicular to the
gas flow direction on the substrate. As shown in Figure 4.8a, the MoOsz concentration
decreases along the white arrow as the deposition location becomes further to the MoOs
powder precursor, but the S concentration keeps constant. This results in the reduction of
Mo:S atom ratio along the white arrow direction. Figure 4.8b shows clearly the MoS; crystal
shape transformation process from truncated triangles to hexagons and finally back to
triangles with a decrease of the domain size. The reason of observing truncated triangles
rather than triangles at the left beginning may be that the triangles have merged into uniform
layers. The observation of the similar shape transformation process along the direction
vertical to the Ar gas flow indicates that the Mo:S ratio change is the main cause of shape
transformation, because, in this direction, all conditions including the reaction temperature
and the S concentration, are uniform, except the concentration of MoO3, which makes the
Mo:S ratio to be the only changing parameter. All the factors mentioned above indicate that
the Mo:S ratio change is the most important reason for the shape change. Despite the shape
evolution, the crystal size also experiences a regular change. This may relate to the

concentration gradient of the gas phase MoOz along the gas flow direction, which impacts
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the average growing rate of the MoS; crystals. The aforementioned qualitative model to
explain the spatial evolution on crystal’s shape and area has been strongly supported and
further developed by the theoretical work done by Rajan et al.,(121) in which a generalized
mechanistic model using a Kinetic Monte Carlo (KMC) simulation has been established
based on my experimental data. The simulation results are consistent with my observations.
It is worth mentioning that the shape evolution model proposed here simplified the MoS>
growth process, especially on the procedures about how Mo(S)-based active species migrate
to the as-formed nuclei, react with the corresponding S(Mo)-terminated edges and finally
attach on them to expand the grain. Several hypotheses were made, including assuming the
single-crystallinity of each individual domains imaged in Figure 4.3 and the zigzag
configuration of edges. Moreover, the reaction rate between S active species and the Mo-zz
terminations was assumed to be equal with the reaction rate between Mo active species and
the S-zz terminations. The reaction order was assumed to be one, indicating that the growth
rate of Mo(S)-zz edges is linearly dependent on the concentration of S(Mo) active species
on the substrate surface. Further quantitative experiments are required to check the validity

of these hypotheses and modify this shape evolution model.

(a) (b)

Figure 4.8. (a) Schematic diagram of deposited pattern of MoS; on the second SiO./Si chip after
growth. The red arrow shows the direction of the Ar gas flow, and the white arrow represents that
there is also crystal shape evolution along this direction perpendicular to the red arrow. (b) SEM
image showing the MoS, morphology transformation along the white arrow direction.
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4.1.2.4 Impacts of the MoO3 Precursor Heating Temperature and the Ar Flow Rate
The effect of MoOs precursor temperature on the MoS; shape change has also been
investigated, and it was found that this morphology transformation phenomenon widely
exists. However, as the temperature influences the evaporation amount of MoQOs3, leading to
a different MoOz concentration gradient in the gas phase, the location of the deposition
showing this crystal shape changing process slightly moves. Figure 4.9 shows the MoS;
shape transformation along the Ar gas flow direction at 750 °C on the third SiO2/Si chip.
The crystal morphology evolution is similar to that at 700 °C, indicating that this

phenomenon commonly exists in the MoS; growth process.

Figure 4.9. SEM images of MoS; shape changing process under the reaction temperature of 750°C
on the third SiO./Si chip. The observation direction is along the red arrow shown in Figure 4.8.

When the MoOz temperature was decreased to 650 °C, except the aforementioned
shape changing trend, the domain shape ended up with three-point stars instead of triangles
(Figure 4.10a—e). This is possibly because the decreasing temperature reduces the

evaporation amount of MoOs, resulting in a Mo:S ratio even lower than that under 700 °C,
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which makes the difference in growing rate between Mo-zz terminations and S-zz
terminations larger. The growth of S-zz edges cannot catch up with that of Mo-zz edges, so
that S-zz edge is able to form only a curved side instead of a straight one (Figure 4.10f),
which looks like a three-point star. This shape is very easy to transform into several-point
stars, because the curved crystal edge is not perfectly S-zz structure anymore. During the
slow growing process of the curved side, when a defect emerges with a Mo-zz structure on
it, the Mo-zz structure will grow with high speed and form a sharp point within a short period
of time. This is why many several-point stars can be observed. Panels a to ¢ of Figure 4.10
show two different sized domains have formed, large 10 um domains and smaller sub-

micrometre domains.

Figure 4.10. (a—e) SEM images indicating the MoS; shape evolution along the red arrow direction

in Figure 4.8 under the reaction temperature of 650 °C on the second SiO,/Si chip. (f) Schematic

illustration of the three-point star formation.

The effect of Ar gas flow rate on MoS: crystal growth has also been investigated.
Figure 4.11 shows the SEM images of MoS, domain morphologies in different areas marked
by red spots in the central schematic diagram on the first Si chip, with an increase in Ar gas

flow rate from 10 to 100 sccm. In general, the loss of stability during crystal growth can be
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clearly observed, because the smoothness of the domain sides is severely reduced, and the
crystal shape becomes dendritic-like in some areas. The high flow rate may promote the
mass transfer process, which contributes to the increase in the crystal growth rate. In this
case, instability may occur as atoms absorbed on the substrate surface do not have enough
time to move into the right lattice locations, where crystal domains could have the lowest
surface free energy, and the probability of defect formation may increase. Therefore, under
the high-flow rate condition, the MoS; crystals are more likely to grow under “kinetic”
conditions, in which the rate limiting step is the surface migration ability of absorbed atoms
on the substrate, rather than the chemical reaction between precursors, which is typical for
colloidal nanocrystals with high precursor feedstock. However, the regular shape domains
with smooth sides and sharp edges can still be seen in some locations, as shown in section 3
in Figure 4.11. This is because the direction from section 1 to 3 is perpendicular to the Ar
gas flow direction and there is a decrease in the concentration of MoOsz on the substrate

surface, as the distance from the MoO3 powder precursor to each spot increases.
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Figure 4.11. SEM images showing the MoS; shape evolution under the Ar flow rate of 100 sccm.

on the first SiO2/Si chip. Each SEM image with a number on the top right corner corresponds to the
location having the same number on the schematic illustration in the centre.

The decrease in precursor concentration has an effect of slowing the crystal growth
rate, which can balance the positive influence from the high flow rate, thus leading to stable
crystal growth under thermodynamic control. Furthermore, in the direction parallel to the
gas flow, the MoOs concentration on the first substrate decreases as the sections of
investigation move farther from the MoOs powder. This is why in section 8 in Figure 4.11,
crystal domains transform back into more regular shapes compared to those before it.
However, as the MoOgz concentration in the central area of the substrate is too high, it is not
able to achieve isolated monolayer domains there, making the direct comparison of crystal
shape along the gas flow direction not feasible. From these studies, it can be found that the
increase in Ar flow rate could turn the control of crystal growth from the thermodynamic to

kinetic regime, resulting in the formation of dendritic morphologies, which are not
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favourable for the production of high-quality 2D crystal. However, with a decrease in the
precursor concentration, a new balance can be achieved to stabilize the crystal growth and

shift the growing conditions to the thermodynamic control.

4.1.3 Conclusion

In conclusion, | developed a hydrogen-free, atmospheric-pressure CVD approach to
grow monolayer MoS; domains on the SiO/Si substrate. MoO3z and S precursors were
designed to locate in different furnaces, which gave independent heating profiles and
provided greater flexibility in the growth recipe. The microstructure and properties of the
MoS: crystals were measured by SEM, Raman spectra, AFM, and PL spectra, confirming
that the MoS2 domain was a uniform, single layer with high crystallinity. I intentionally
established a sharp gradient of MoOs precursor concentration on the growth substrate to
explore its sensitivity to the resultant MoS2 domain growth within a relatively uniform
temperature range. | found that the shape of MoS2 domains was highly dependent upon the
spatial location on the SiO./Si substrate, with variation from triangular to hexagonal
geometries. The shape change of domains has been attributed to local changes in the Mo:S
ratio of precursors (1:>2, 1:2, and 1:<2) and its influence on the kinetic growth dynamics of
edges. In addition, the effects of MoOs precursor temperature and Ar gas flow rate on MoS;
crystal shape were also investigated. It is anticipated that these studies will allow the shape-
controllable synthesis of MoS> and improve the ability to discover of more shape-dependent

properties.
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4.2 Growing Large-Area, Continuous Films of Monolayer MoS;

4.2.1 Introduction

After realizing the growth of monolayer MoS, domains and having insights into some
important experimental parameters on the synthesis quality, the next target is to modify the
CVD method for the production of continuous, large-scale, high-quality MoS, monolayer
films, which is conducive to the industrial application of this novel material. The main
difficulties arise from either the layer number control or the large-area continuity. There
have been a few reports about the realization of large-scale growth of continuous monolayer
MoS:; films via the sulphurization to either MoO3(94, 122, 123) or MoCls,(96) or through a
metal-organic CVD (MOCVD) technique with precursors of Mo(CO)s and (C2Hs)2S.(97)
However, all the reactions occur under the low pressure, which increases the requirement of
the experimental equipment. Moreover, the MOCVD method suffers from using precursors
with relatively high toxicity. Therefore, proposing a feasible approach, which is simple, safe

and low-cost is challenging and highly desirable.

Before the modification, | need to know the characteristics of my old CVD system
clearly, especially those weaknesses that hinder the product’s wide coverage, continuity and
thickness homogeneity. As shown in the top panel of Figure 4.12a, this is my CVD setup
used for the MoS> domain growth in section 4.1.2.1. Its major drawbacks can be summarized
into three points. Firstly, S vapour can contact and react with the MoO3 powder directly,
thus gradually decreasing the amount of the MoOs powder and leading to an uncontrollable
decay of the evaporated MoOs in the gas phase during the MoS; growth. Secondly, both the
MoOs powder and the growth substrates are placed in the centre of the second furnace,
making the independent temperature control of them impossible. Thirdly, since the
substrates are loaded with faces closely towards the MoOs powder, there exists a sharp

concentration gradient of MoOs on the substrate, which is detrimental to the growth
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uniformity. Therefore, the modification of the CVD system should aim at solving the three
problems listed above, i.e., (1) avoiding the cross-contamination between S and MoOs
precursors to ensure a stable feedstock of both precursors in the gas phase; (2) realizing the
separate temperature control of MoOs and the growth substrate, thus expanding the control
dimensionality further; (3) optimizing the concentration uniformity of gaseous MoOs3 on the
substrate. In this section, | demonstrate a novel CVD synthesis strategy, which has realized
the above three optimization goals and led to the growth of continuous and high-quality
monolayer MoS; films in the order of centimetres directly on a SiO2/Si substrate under

atmospheric pressure.

4.2.2 Results and Discussion

4.2.2.1 Experimental Setup

As shown by the bottom panel of Figure 4.12a, two key modifications were made
for the new CVD system compared with the old one. One is to add a mini inner quartz tube
into the 1-inch quartz tube outside and place MoO3z powder in it, thus avoiding the gradual
quench of MoO3z powder by the S vapour during the reaction. The independent temperature
control on the MoOs powder can also be conveniently achieved by adjusting the MoOs
location relative to the left open of the second furnace. The other modification is to make

the growth substrate orientation vertical to the mass flux of precursors, which eliminates the
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precursor concentration gradient on the substrate. The detailed growth strategy is described

as below (Figure 4.12b).
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Figure 4.12. (a) Schematic illustration showing a comparison of the CVD synthesis setup of MoS;
between an old design used in section 4.1.2.1 and the new one applied in this section. (b) Flowchart
showing the main steps of the growth of the large-area, continuous monolayer MoS; films. (c)
Temperature programming process of MoOs; and S precursors. (¢) Optical images showing the
contrast difference of the bare SiO»/Si substrate, the vertical substrate and the horizontal substrate
after experiencing the same MoS; growth recipe.
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MoOs (25 mg) and sulphur powder (600 mg) were used as precursors, loaded
separately into two furnaces, 1 and 2, to provide independent temperature controls. A bare
SiO2/Si substrate (300 nm thick amorphous SiO2 coated on the p-doped Si from University
Wafer), was inserted into a homemade holder (made by three pieces SiO2/Si chips stuck up
by fire cement) to keep it vertical, and was placed in furnace 2. This places the substrate
surface to be perpendicular to the gas flow direction, decreasing the precursor concentration
gradient on the SiO2/Si and reducing the influence of the geometric effects from the gas flow
by promoting the mass transport of precursors through the boundary layer above the
substrate surface, which will be discussed in more detail afterwards. The sulphur precursor
and the vertical substrate were both positioned in the central area of two furnaces,
respectively, while the MoOz powder was loaded at the upstream of the second furnace in
order to produce a mild evaporation temperature for MoOs. Since the nucleation density of
MoS: is dominated by the MoOs gas concentration,(36) such design enables better control
over the nucleation density with flexibility of temperature adjustment by simply shifting the
loading position of the MoOs powder. One of the MoOs locations for the best growth results
was 2 cm away from the left open end of furnace 2 (see Figure 3.1). The reaction occurred
under atmospheric pressure with argon used as carrier gas. | separated two solid precursors
by placing the MoOs into an inner quartz tube (diameter ~1 cm) inside the outer 1-inch tube
with its inlet far exceeding the sulphur position. This avoids the gradual sulphurization of
MoOs powder by sublimated sulphur, stabilizing the supply amount of both gaseous
precursors to the reaction area around the substrate during the whole synthesis. The distance
between the substrate surface and the outlet of the inner tube was 1.5 cm, which gives
enough time for the even mixing of gaseous sulphur and MoO3 and at the same time limits
the formation of MoS, compounds in the gas phase that produce the three-dimensional MoS>

flakes on the substrate. The growth can be divided into three sections: 1. Pre-introduction of
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S vapour to fill up the whole system by heating the sulphur powder up to 180°C for 15
minutes with an Ar flow rate of 150 sccm, creating a sulphur sufficient atmosphere (Figure
4.12c section 1); 2. A main growth section with the typical temperatures for sulphur, MoOs3
and substrate to be ~180-200°C, ~300°C and ~800°C, respectively, without changing the
Ar flow rate (Figure 4.12c section Il). 3. A fast cooling process with a 500 sccm Ar to

quickly stop the reaction and accurately control the growth time (Figure 4.12c section I11).

To investigate the impact of the substrate loading on the final growth results, a direct
comparison experiment was conducted by placing the substrate horizontally without
changing any of the parameters. Figure 4.12d shows that, compared with a bare SiO2/Si
chip, the vertical substrate surface was uniformly covered by a MoS; film on the centimetre
scale, showing green optical contrast different from the purple one from the bare substrate.
For the horizontal substrate, the MoS> covered only a small top region on the substrate
oriented to the gas inlet direction, which is marked by the dashed white ellipse, indicating a
sharp precursor concentration decay on the substrate surface, when loading the SiO- surface

to be parallel to the gas flow direction.

4.2.2.2 Impacts of the Substrate Temperature and the MoQO3 Precursor Temperature
To gradually narrow down the range of growth parameters and optimize the MoS>
film quality, several modifications were investigated, including the heating temperature of
the precursor, MoOs, and the growth temperature (temperature for the substrate), which were
found to be the key factors for synthesis. Figure 4.13 shows the MoS; growth dependence
on these two parameters from a series of SEM images of the as-grown MoS; with their
corresponding MoOs temperature and the growth temperature. In Figure 4.13c,f,i, for the
growth temperature of 750 °C, when increasing the heating temperature of MoOz from
200°C to 400°C, the MoS:z nucleation density goes up with a deterioration in the uniformity
of the layer thickness, leading to island-like structures with smaller grain sizes. In contrast,
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when the MoOs temperature is fixed with a rise in the growth temperature, the nucleation
density decreases with improved homogeneity in the layer thickness and higher crystallinity,
evidenced by flatter surface morphology and the formation of larger triangular-shaped
monolayer domains (Figure 4.13f,e,d). The reason for such a growth mode transition could
be attributed to the change of the mean free migration length (Lsurface) Of Mo-based active
species (M0O3«/M0S>) absorbed on the substrate surface, which is influenced by both the
MoOs heating temperature and the growth temperature (see section 2.4.3). With higher
MoOs temperature, the supply of gaseous MoOs will be more sufficient, leading to a larger
amount of Mo-based clusters on the substrate surface, which initiates new nuclei rather than
making them attach to the existing nuclei already formed. That is why the nucleation density
increases with smaller grains grown when the MoOs temperature rises. In contrast, with
higher growth temperature, the mean free migration length of Mo-based molecules could be
longer due to a reduction of the amount of Mo-based species absorbed on the substrate
surface, leading to their attachment to preformed nuclei and expanding the crystal size rather
than forming new nuclei. This results in a decrease of the nucleation density with larger
domain sizes as the growth temperature increases. In addition, the increased growth
temperature is expected to enhance the crystallinity of MoS,, evidenced by an improvement
on the domain shape faceting. It is also worth noting that the best growth recipe is a
combination of both the temperatures of the MoOs and the substrate, respectively. It is
possible to obtain similar mean free migration length of absorbed Mo-based species with
different combinations of these temperatures, thus obtaining uniform full coverage of

monolayer MoS; for two different parameters (Figure 4.13e,9).
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Figure 4.13. SEM images showing how the growth results depend on the parameters of the MoOs
heating temperature and the substrate temperature (growth temperature), with magnified images as
insets to highlight the detailed domain size and morphologies in panels (c) and (e)—(i), respectively.

Panels (a) and (b) show that there is nothing grown on the substrate under these conditions.

4.2.2.3 Characterization on the Quality of As-Grown MoS: Films

Figure 4.14a shows a low-magnification optical image of a typical MoS: film grown
on the SiO2/Si substrate with an intentional scratch introduced to show the optical contrast
difference between the MoS; film and the bare substrate. Figure 4.14b shows more detailed
information, indicating that most of the area is uniformly covered by a continuous monolayer
MoS: film, with only a very small portion of multilayer regions with brighter optical contrast
(the proof of the MoS: thickness uniformity will be given by the following PL and Raman

characterization in Figure 4.15). The scanning electron microscopy (SEM) images in
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Figure 4.14c,d are consistent with the optical images, confirming the large-area and
continuous growth of monolayer MoS: films. The presence of micro-cracks or winkles was
potentially induced by the fast-cooling step because of the thermal expansion coefficient
difference between the monolayer MoS; and SiO.. When choosing an area close to the
substrate boundary, where the substrate surface is not fully covered by MoS, the continuous
films are formed by the gradual merger of isolated monolayer triangular MoS2 domains with
sizes of 10-15 um (Figure 4.14e,f). To better evaluate the grain size of the MoS; membrane,
an oxidation treatment was carried out at a temperature of 300°C in air, which has been
previously shown to reveal the grain boundaries in TMDs films under an optical
microscope.(94, 124) As shown in Figure 4.14i—k, the grain boundaries were gradually
etched out after oxidizing for 70 and 100 min, respectively, and the crystal size was
confirmed to be around 10 to 20 um, which is larger than that of the MoS, monolayer films
obtained by other low pressure CVD techniques(94, 97) and is in agreement with the
observations in Figure 4.14e,f. | have also characterized the growth results when loading
the SiO2/Si substrates horizontally. As shown in Figure 4.14g, large amounts of nanometre-
sized, isolated and irregular-shaped MoS. domains were densely distributed in the top region
of the substrate (white dashed ellipse in Figure 4.12d). When taking the SEM image
~300um away from the location in Figure 4.14g to the downstream of the substrate, the
nucleation density of the MoS, domains dramatically decreases (Figure 4.14h) indicating a
sharp precursor concentration gradient on the SiO- surface, which hinders the production of

large-area and homogeneous MoS; films.
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Figure 4.14. (a,b) Low-magnification and high-magnification optical images of an as-grown
continuous MoS; film, respectively. (c) Low-magnification SEM image of the MoS; continuous film,
where MoS, domains fully merge. (d) Higher magnification SEM image of the area marked in the
white dashed box in (c), showing the uniformly grown MoS; film with micro-cracks or wrinkles
potentially induced by the fast-cooling process. (e) Low-magnification SEM image of a growth area
near the substrate boundary, where triangular MoS, domains nearly merge into a continuous film.
(f). High-magnification SEM image of the same area as (e), showing the coalescence of triangular
MoS; domains with a side length of 10-15um. (g,h) SEM images of MoS; in the top region of the
horizontal substrate using the same recipe. (i—k) Optical images of the MoS; continuous thin film
before (i) and after the oxidation treatment in the air for 70 min (j) and 100 min (k), respectively, at
a temperature of 300 °C to reveal grain boundaries.

Raman and photoluminescence (PL) spectroscopy, as well as atomic force
microscopy (AFM) were utilized to evaluate the thickness, quality and uniformity of the as-
grown MoS: films. Figure 4.15a—c provides the optical image together with the Raman and
PL spectra from the spots marked with the corresponding coloured circles shown in panel a.

There are two characteristic Raman peaks for MoS;, Ezg' and Asg, which represent the in-
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plane vibration of Mo and S atoms and the out-of-plane vibration of S atoms,
respectively.(44) The frequency difference between these two peaks is dependent on the
layer number, which is used to determine the MoS; thickness.(51, 125) The fitting results
show that MoS; from the black spot has the Ez' and Aig modes located at 384.1 and 401.6
cm?, respectively, with a peak spacing of ~17.5 cm™, consistent with the exfoliated
monolayer MoS2.(126) The full width of half maximum (FWHM) of Ex! is ~4.6 cm?,
suggesting good crystallinity of the CVD-grown MoS».(96) The Raman spectra of MoS;
with a lighter green contrast (red spot) and a bright white contrast (blue spot) show an
increased frequency difference (A) between Ezg' and Ayg peak, having A to be ~ 21.6 and
~23.6 cmt, respectively, indicating thickness of bilayer and multilayers (>3 layers). | have
also characterized the PL spectra from the same three spots, and normalized the MoS; PL
signal by its Raman intensity to better reveal the PL quantum efficiency dependence on the
MoS: layer number, because such a normalized PL can cancel out the influence from many
external effects, such as laser excitation intensity, quantity of materials, and local electric
field factors.(44) As shown in Figure 4.15c, the PL spectra from monolayer MoS; (black
spot) exhibits the highest PL intensity, with two pronounced emission peaks at ~681 and
~627nm, respectively, corresponding to the Al and B1 direct excitonic transitions. The
emission intensity obviously reduces for bilayer and multilayer regions, due to the bandgap
shifting from direct to indirect transitions with the increase of the MoS; thickness. 2D
Raman mapping was performed over an area of 100 x 100 um in the continuous MoS; film
(marked by the dashed purple square in panel a) by plotting the spatial variation of the
magnitude of the frequency difference between Aig and Ez¢' peaks (Figure 4.15d). The
thickness distribution correlates well to the contrast on the optical image in panel a, having
more than 90% of the area with a frequency difference to be less than ~19 cm™ and only a

small fraction of bilayer or multilayer flakes, which confirms the growth of large area
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uniform monolayer MoS; films on the SiO./Si. The AFM measurements in the topological
mode is a more direct way to determine the MoS> layer number and uniformity. The height
profile of an almost fully-merged region was provided to evaluate the layer thickness across
the area marked by a white dotted line in Figure 4.15¢, as shown by the upper part of Figure
4.159. A thickness of 0.75 nm is obtained, in agreement with the MoS, monolayer
thickness.(92, 96, 122) Since the thickness of monolayer MoS; is quite small, to better
distinguish the coverage region of MoS; films from the bare SiO2/Si substrate, phase mode
mapping is shown in Figure 4.15f, where the visibility of partially merged MoS, monolayers
increases because of the elasticity difference between MoS; and SiO,. The phase profile in
the lower part of Figure 4.15g shows that the phase change of the AFM tip vibration when

moving from the surface of monolayer MoS; to SiO; is ~2 degrees.
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Figure 4.15. (a) Optical images of the MoS; continuous film, showing monolayers in most areas
with only a small percentage of multi-layer regions. (b) Raman and normalized photoluminescence
spectrum from the marked spots with corresponding coloured circles in (a). (d) Raman maps of the
MoS:; film in the square marked by a dashed purple outline in (a), plotting the 2D spatial variation
of the magnitude of the frequency difference between Aiq and Ezq. Laser excitation of 532 nm was
used. (e-f) AFM images in the topological and phase mode, respectively, of a nearly fully-merged
MoS; growth region. (g) Height and phase profiles taken across the same MoS; edge marked by
dotted white lines in (e) and (f), respectively.
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4.2.2.4 Kinetic Growth Model
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Figure 4.16. Schematic illustration showing how the loading orientation of the substrate could
influence the MoS; growth Kinetics. Cgas-v and Cgas-n represent the precursor concentrations in the bulk
gas flow when putting the substrate in a vertical and a horizontal orientation, respectively. They
equal to each other at the same growth condition. Csurface-v and Csurface-n represent the precursor

concentration on the substrate surface of a vertical and a horizontal substrate, respectively.

I now discuss the influence of the substrate orientation on the MoS, growth by
establishing a kinetic growth model (Figure 4.16). Briefly, the 2D MoS> growth can be
divided into two procedures: (1) the mass transport of gaseous precursors through the
boundary layer to reach the substrate surface, and (2) the chemical reaction for precursors
on the substrate surface, primarily involving the absorption/desorption and migration of Mo-
based and S-based active species on the surface and their reactions with each other to form
MoS. In the CVD growth of graphene under atmospheric pressure at a high temperature,
mass transport is usually the rate-limiting step, which means that the boundary layer above
the substrate surface is thick so that the synthesis progress is governed by the diffusion speed

of the active species through the boundary layer to reach the substrate surface.(98, 99, 103,
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104) Therefore, factors such as the geometry of the precursor gas flow can easily impact the
overall synthesis, because the precursor spatial concentration gradient in the bulk gas phase
varies the concentration of the active species absorbed at different locations on the substrate.
This will eventually result in thickness non-uniformity of the as-grown materials. For the
APCVD synthesis of 2D MoS: utilizing two solid-state precursors (MoOs and sulphur), the
uniformity level of two types of physically-mixed precursor vapours significantly influences
the growth scale and thickness uniformity. Unfortunately, it is more challenging to achieve
homogeneously mixed gaseous precursors for MoS, growth than the case of graphene,
which commonly uses gaseous methane as the precursor. This makes the geometric effect
of the precursor gas flow on the growth uniformity even more remarkable. Two routes can
be applied to solve this problem. One is to enhance the concentration uniformity of gaseous
precursors close to the substrate surface. The other is to decrease the thickness of the
boundary layer so that the rate-limiting step can be switched from the mass transport process
to the surface reaction process, making the growth results not be dominated by the mixability
between two precursors in the gas phase. Loading the substrate vertically with its surface
perpendicular to the gas flow direction can simultaneously realize these two optimization
goals. It achieves a more uniform precursor spatial concentration on the substrate surface,
since the concentration gradient mainly exists in the horizontal direction. Moreover, the
thickness of the boundary layer could also be drastically decreased and the penetration of
active species through the boundary layer is much faster, because precursor species directly
bombard the substrate when the substrate orientation is perpendicular to the gas flow
direction. On the contrary, for the horizontal substrate under the same growth conditions,
the boundary layer is thicker than the vertical substrate, which leads to a sharp precursor
concentration reduction when going through the boundary layer, thus decreasing the amount

of precursor species absorbed on the substrate surface and limiting the large-area growth of
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2D MoS,. The MoS; grown on the top edge of the horizontal substrate could be attributed
to the flow disturbance when the gas flow initially meets the edge of the substrate, which
reduces the boundary layer thickness around that region. However, as the migration distance
for active species on the surface is limited, the surface precursor concentration will decay
sharply along the gas flow direction. This helps explain why the MoS; coverage percentage
dramatically decreases when moving further downstream along the horizontal substrate.
Moreover, even though the precursor concentration in the gas phase can be increased so that
the amount of the active species absorbed on the substrate surface can reach the nucleation
and growth threshold of MoS;, the concentration gradient along the horizontal direction is
unavoidable and will induce the growth non-uniformity, which has been confirmed by

previous reports.(36)

4.2.3 Conclusion

In conclusion, I report a simple approach for growing centimetre-scale, high-quality
and predominantly monolayer MoS: films with large domain sizes, directly on the SiO2/Si
substrate in CVD at atmospheric pressure. The achievement is realized by applying
vertically orientated substrate, an additional use of an inner quartz tube to separate MoO3
with S powder, and an independent temperature control for the growth substrate and the
MoOs powder, respectively. The film microstructure, thickness homogeneity and quality
were characterized by optical microscopy, SEM, Raman spectra, AFM and PL spectra. A
systematic study about the nucleation density, thickness uniformity, coverage areas and the
crystallinity of the as-grown MoS; as a function of the temperature of the MoO3 powder and
the growth substrate, respectively, were conducted. A qualitative kinetic model explaining
the merits of loading the substrate vertically was also proposed. This approach has potential
to scale up further by increasing the diameter of the reaction quartz tube in the furnace to

reach the 4-inch size. By avoiding the use of highly toxic metal organic precursors, our

4-93



Chapter 4  CVD Growth of Monolayer MoS;

approach has the potential for industrial compatibility in scale up and easily meets safety
requirements for commercial implementation. These results show how sensitive the growth
of monolayer materials is to minor variations in the CVD geometry and that drastic

improvements can be easily achieved by simple optimizations.
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Chapter5 All CvD Growth of 2D MoSy/h-BN

Vertical Heterostructures

In Chapter 4 | have introduced two APCVD methods to grow isolated domains and
continuous films of monolayer MoS; directly on the SiO2/Si substrate, which is the most
prevalent substrate due to its great compatibility with the current Si-based electronics.
However, its surface is constructed by the 3D-structured amorphous SiO2, having a
relatively low chemical inertness, high charged impurities and inevitably possessing
dangling bonds, all of which could degrade the intrinsic properties of monolayer MoS; (see
section 2.4.3). This inspired me to select a better substrate. At this moment, the insulating
2D hexagonal boron nitride (h-BN), which has the atomic thinness, good flexibility,

dangling-bond-free surfaces and high chemical stability, came into my view.

5.1 Introduction

Rapid progress in the research of 2D atomic crystals, such as graphene, monolayer
and multilayer h-BN and transition metal dichalcogenides (TMDs), has extended to the
fabrication of vertical heterostructures with different types of 2D crystals stacking on top of
each other. The flexible and transparent heterostructures compiled by van der Waals

stacking of various 2D materials produces novel heterojunctions that have great potential in
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electronic and optoelectronic applications.(127-131) The layer-by-layer heterostructures
were first created by stacking different types of materials through sequential mechanical
transfer techniques.(127) However, this method is complicated with several disadvantages,
such as the contamination at the interface, the low quality of interlayer contact, the high
requirements on the position control for different 2D crystals stacking on top of each other,
and the lack of future scalable production for large area coverage.(110, 127, 132, 133) The
direct growth of vertical layered heterostructures via chemical vapour deposition (CVD) is
much more promising in terms of scalability. Recent advances have demonstrated that
vertical  heterostructures, such as graphene/h-BN,(134) MoS/graphene,(105)
MoSez/graphene,(135) MoSz/h-BN,(93) WS2/h-BN(107), MX2/SnS; (M = Mo, W; X = S,
Se),(136) and WS,/Mo0S»,(110) can be grown by CVD. Growing 2D materials on h-BN
exploits the advantage that h-BN has an atomically flat surface without dangling bonds and
charged impurities, as well as being chemically inert, which lead to improvements in the
device performance and optical properties.(137, 138) However, for CVD-grown TMDs
heterostructures on h-BN substrates, there still exist challenges in utilizing CVD grown h-

BN, rather than mechanically exfoliated h-BN.

h-BN obtained by mechanical exfoliation has small flake size and therefore is not
possible to create large millimetre or centimetre scale heterostructured materials that could
be used in large area opto-electronics like solar cells, photodetectors and 2D imaging arrays.
Prior work on direct growth of MoS2/h-BN heterostructures by CVD used organic seeding
promoters to help nucleate the MoS; on exfoliated h-BN,(93) which might remain at the
interface between MoS; and h-BN after growth and have some influence on the properties
of this heterostructures. Ideally, a scalable approach for directly growing seed-free MoS; on

CVD grown h-BN is needed.
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There are several challenges that must be overcome in order to successfully grow a
TMD on h-BN by an all-CVD approach. Firstly, the h-BN grown on Cu by CVD needs to
be transferred to an alternative substrate, because the S will react the Cu. The transfer of
CVD grown h-BN films from Cu to substrates compatible to TMDs growth like SiO2/Si or
sapphire must be clean, with the polymer scaffold used for transfer removed to leave an
exposed h-BN surface for direct growth of TMDs. The growth temperature should not be
too high, because this will increase the decomposition of the h-BN film before the TMD has
been grown. The process should be hydrogen-free, as the introduction of H, gas at high
temperature will decompose the h-BN film. Residual oxygen in the CVD system, and
oxygen species available from the metal-oxide precursor commonly used to grow TMDs is

likely to also etch the h-BN during the CVD growth of TMDs.

5.2 Results and Discussion

5.2.1 Experimental Setup

2D MoS; crystals are grown on the substrate of CVD-grown h-BN film under
atmospheric pressure using MoOz (molybdenum trioxide) and sulphur powder as precursors.
When attempting to grow MoS2 on monolayer h-BN films, it was found that the h-BN had
been substantially decomposed by the growth process and led to poor samples. This could
be due to the oxidation effect from either the oxygen atom in the MoO3 vapour or the residual
oxygen gas in the growth system. Alternatively using few-layer h-BN films (2-4 layers) was
ideal because the films were more robust against degradation during the growth and enabled
successful deposition of precursor and ultimately the growth of MoS, domains on a
continuous few layer h-BN film. The steps of A, B and C in Figure 5.1a present the
fabrication process of the MoS2/h-BN vertical heterostructures by CVD. The few-layer h-
BN film was initially grown on the Cu substrate by CVD using an ammonia borane precursor,

and then transferred onto the central area of a bare SiO,/Si chip by a PMMA.-assisted method,
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leaving four corners of the substrate as bare SiO> surfaces. The PMMA was removed by
acetone to leave a relatively clean h-BN (Synthesis and transfer of h-BN was done by Mr.
Xiaochen Wang. Figure Al. The potential hydrocarbon contamination can desorb from the
h-BN surface when heating the h-BN/SiO>/Si substrate for MoS> growth). The substrate
with h-BN was subsequently loaded into the CVD system designed for the growth of 2D
MoS: on the top of both h-BN film and SiOx. In order to compare the differences between
directly growing MoS: on h-BN by CVD method with those fabricated by a transfer process,
as seen in the steps of A, D, E and F in Figure 5.1a, | also did MoSz/h-BN heterostructures
via a two-step PMMA-assisted transfer approach. This involved replacing the direct CVD
synthesis of MoS; (step C) with another transfer process of the CVD-grown 2D MoS;
crystals from the original SiO2/Si chip to a new SiO/Si substrate having h-BN film covered
in the centre and SiO2 exposed at four corners (step E and F). For the CVD system of MoS;
growth (Figure 5.1b), it mainly inherited the design introduced in section 4.2.2.1, avoiding
the cross-contamination between two precursors by adding an inner quartz tube and
providing an independent temperature control on MoOs, S and the growth substrate,
respectively. The typical heating temperatures for S, MoOs and the substrate were also
unchanged, being ~180, ~300 and 800 °C, respectively. Two modifications were made,
including (1) loading the face-up substrate horizontally rather than vertically in the tube for
reaction (red arrow in Figure 5.1b), and (2) adjusting the Ar gas flow rate program by
separating the flow rate into two stages, a high flow rate stage (F(Ar) = 150 sccm) and a low
one (F(Ar) =10 sccm). The high flow rate stage was to introduce two gaseous precursors to
the reaction zone and make their gaseous concentration approach the nucleation threshold
of MoS». At the low flow rate stage, the precursor concentration in the gas phase could
experience a spontaneous ‘ascent-descent’ variation procedure. The initial ascent stage may

arise from a reduction of the gas flow rate without changing the heating temperature of both
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precursor powders, thus making gaseous precursors be less diluted by the carrier gas.
However, since the gas flow rate is so small, it cannot fully prohibit the S vapour in the outer
quartz tube from diffusing into the inner tube, which led to the gradual quench of the MoOs
powder. This was consistent with my observation on the colour of the MoO3 powder after
the reaction, which changed from light green to black, indicating a conversion to MoS..
Therefore, the precursor concentration decreased due to an inactivation of the MoOs3 powder.
In brief, the purpose of these two modifications is to generate a concentration gradient of
gaseous precursors as a function of both the growth time and the spatial location on the
substrate surface, as it facilitates the achievement of monolayer MoS; grown on h-BN within
the least experimental trials. Such concept of experiment design was also applied in
exploring the growth strategy of monolayer MoS; on SiO2/Si substrates (see section 4.1.2.1).
A suitable spatial or temporal concentration variation is an advantage at the exploration stage
of growing a novel material, as it opens up a wide window which could cover a suitable
condition for the synthesis of this material, thus speeding up the progress and making the
researcher become one of the pioneers to achieve this novel material. However, such a wide
growth window, which, on the other hand, indicates an uncertainty about the best growth
condition, should be gradually narrowed and replaced with a stable and uniform growth
environment so that a large-area, high-quality and homogenous material can be produced
(see section 4.2.2.1). In summary, this simple, scalable CVD growth approach can realize
the direct fabrication of a relatively large-area MoS2/h-BN heterostructures with a clean
interface and good interlayer contact, which is advantageous over mechanical transfer

method, which will be manifested by comprehensive characterizations.

5-99



Chapter5  All CVD Growth of 2D MoS,/h-BN Vertical Heterostructures

CVD-grown
h-BN film

s '.. > -- .» - o T %
& \
) si0,/si

00" ° Y
0 \ / PMMA-assisted transfer of
PMMA-assisted transfer of

(a)

" cVD-grown Mos, from SiO,/si
CVD-grown h-BN film from substrate onto h-BN

Cu substrate to SiO,/Si E ey
o Si0,/Si
©.
Si0,/Si @~ CVD-grown
MoS, crystals

(b) GasinﬁOO ] Mg03 )-/substrate Gasout-;—-»

Atmospheric
Furnace 1 Pressure

Furnace 2

[ o [ S ) —— -
( ) F(Ar)=500sccm  F(Ar)=150sccm | F(Ar)=150sccm  F(Ar)=10scem : F(Ar)=500sccm
= =200°C | T(F1)=800°C T(F1)=800°C Fast coolin
MoO, (25mg) T(F1)=20°C T(F1)=200°C N o ) g "
S (600 mg) T(F2)=20°C T(F2)=180°C |  40°C/min T(F2)=180°C !
Flush 60 min Keep ~10 min | T(F2)=180 oc Keep ~25 min
| Keep ~15 min I

Figure 5.1. (a) Schematic illustration of two fabrication processes of MoS>/h-BN heterostructures.
The first method is initially transferring the CVD-grown h-BN film from a copper foil to the centre
of a SiO»/Si chip, leaving four corners of the substrate to be bare SiO- surface. This substrate is then
loaded face-up into the CVD system to grow MoS; on it. The MoS, domains will cover both h-BN
and SiO; areas. The second approach is through a two-step PMMA-assisted transfer process. The
CVD-grown h-BN film was still first transferred onto the centre of a SiO./Si chip surface, followed
by stacking another layer of CVD-grown MoS, domains on the whole substrate surface, obtaining
transferred MoS, domains on h-BN in the central area and on SiO, at four corners. Two of the transfer
boundaries of the h-BN film on the SiO; surface in the first fabrication method are labelled by the
letters of A’ and B’, respectively. (b) Schematic illustration of the CVD system for MoS, growth.
The substrate was loaded horizontally rather than vertically with face up in this experiment, as
indicated by the red arrow. (c) Flow chart showing the operation steps of growing monolayer MoS;
on h-BN films. The green dashed box highlights the main differences between this method and the

strategy discussed in section 4.2.2.1.
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5.2.2 Morphology of As-Grown MoSz on h-BN Films

Figure 5.2a,b are optical microscope (OM) images around the transfer boundary of
h-BN on SiO2 showing 2D MoS; growth occurs over a large area. The homogeneous colour
contrast of MoS, domains indicates the thickness uniformity. The 2D MoS: crystals grown
on the h-BN film exhibit a pronounced higher nucleation density and smaller domain size,
compared to those grown on the SiO2, which may result from the higher roughness of
transferred h-BN films on SiO; (Figure Alc). The small optical contrast from the h-BN film
on SiO: can be attributed to its negligible opacity in the visible spectrum arising from its
large band gap (>5 eV), making it hard to be detected.(139) However, the existence of h-
BN under 2D MoS: has been confirmed by Raman spectroscopy, which will be discussed
afterwards. The SEM images (Figure 5.2c—j) displays more detailed information, such as
the variations of MoS; crystal morphology on different substrates. It can be seen that, MoS:
crystals grown on SiOz are not exact triangles with sharp edges as normally observed, but
rather are three-pointed star shaped with an average domain size of ~5 um. For those grown
on h-BN, the crystal shape transforms to truncated three-point stars with a flake size decrease
to ~3 um. I interpret the formation of three-point-star-shaped instead of triangular domains
of MoSz on SiO- to the ultra-low Mo:S ratio of precursors absorbed on the substrate, and
attribute the crystal shape and size difference between MoS; on h-BN and on SiO; to the
growth rate and time variations arising from different interactions between precursor species

and two types of substrate surface.(100)
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Figure 5.2. (a,b) Optical microscopy images of the edge region of the h-BN film on the SiO, surface,
showing MoS; crystals grown by CVD both on and off the h-BN film. (c,d) SEM images of CVD-
grown MoS; crystals around the edge region of the h-BN film on the SiO; surface marked by letters
of A’ and B’, respectively, in step C of Figure 5.1a. (e,f) Zoomed-in SEM images of MoS; crystals
grown on the SiO; in the region of white boxes shown in panels ¢ and d, respectively. (g-j) Zoomed-
in SEM images of MoS; crystals grown on the h-BN film in the region of white boxes shown in

panels ¢ and d, respectively.

5.2.3 Lattice Strain, Doping and Interlayer Contact

Raman spectroscopy is a very useful technique to determine the layer number of
MoS: by measuring the frequency difference between two characteristic vibration modes,
Ezq! and Aag.(44, 51) The Exq' mode represents the in-plane vibration of molybdenum and
sulphur atoms, while the Aig mode is related to the out-of-plane vibration of sulphur
atoms.(51) Figure 5.3a shows the Raman spectra of the direct-grown MoS; on CVD-grown
h-BN film and on SiO», respectively, with an excitation wavelength of 532nm. The fitting

results show that, for MoS; grown on h-BN, these two modes are centred at ~380.6 cm™ and
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401.2 cmt, respectively, while those MoS; domains grown on SiO2 have these two vibration
modes located at ~382.4 cm™ and ~402.9 cm™, respectively, both giving a frequency
difference of ~20.5 cm™. This is compatible with the CVD-grown monolayer MoS; in
previous works.(36, 74, 93) Figure 5.3b is the measured characteristic Raman peak of CVD-
grown h-BN under MoS; domains, which is located at ~1372 cm™, confirming the existence
of the h-BN film after experiencing the growth process of MoS,. A line scan was also carried
out, measuring the Raman spectrum point-by-point for the characteristic h-BN vibration
mode across a transfer boundary of h-BN film on SiO., marked by the dashed black line in
Figure 5.3c. Figure 5.3d shows a plot of the integrated h-BN Raman peak as a function of
distance, and it rapidly disappears in the central region. It confirms that this region is the
edge of the transferred h-BN film on SiO. and Figure 5.3e,f shows examination of the

boundary region.

The peak location variations of both modes were also observed, when MoS; were
grown on different substrates. In Figure 5.3a, compared to the Raman spectra of MoS;
grown on SiO», a pronounced phonon mode stiffening reflected with the blue-shift of both
Eag' and Axq peaks can be observed for MoS; grown on h-BN. The variations are measured
to be ~1.8 cm™ and 1.7 cm™ for Ex¢* and Aig mode, respectively. | also performed Raman
mappings around the region of a transfer boundary, where half of the mapping area had the
monolayer MoS; grown on the h-BN film and another half had MoS; on SiO; (Figure 5.3c).
By plotting the 2D spatial variation of the magnitude of Ex¢' and Aiq peak frequency
separately (Figure 5.3e,f), it can be found that the frequency difference for these two
characteristic vibration modes depending on the growth substrate is ubiquitously observed
on the sample. Furthermore, | also investigated the substrate effect on transferred CVD-
grown MoS; domains on these two types of material, h-BN film and SiO, via a two-step

PMMA-assisted transfer method (steps A, D, E and F in Figure 5.1a). It was found that the
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MoS; on h-BN and on SiO; had the Exq' peak centred at almost the same wavenumber, while
the A1y mode of MoS; on h-BN appeared a slight blue-shift in a value of ~0.7 cm™, compared
to that of MoS; on SiO- (Figure 5.4a). This phenomenon can also be commonly observed
on the sample by comparing the Raman mapping of frequencies for these two characteristic
modes of MoS; on h-BN and on SiO», respectively (Figure 5.4c—f). Figure 5.4b shows the
characteristic Raman vibration mode of the h-BN film lying underneath the transferred MoS;

domains, which is measured to be at ~1368 cm.

In addition to distinguishing the number of layers, Raman spectra can also be utilized
to investigate other effects such as lattice strain, doping levels and the van der Waals
interaction at the interface for 2D crystals.(59, 68, 69, 72, 76, 140, 141) The in-plane Raman
mode, Eagl, is sensitive to the built-in strain of 2D MoS2,(59, 72, 76, 142) and therefore, the
E2q* peak position variation of ~1.8 cm™ observed in Figure 5.3a can be attributed to the
different strain effect in monolayer MoS> grown on h-BN and on SiOz. In order to determine
the MoS: lattice strain on these two types of substrates, | used the same growth method to
produce MoS; on a bare SiO> substrate followed by measuring its Raman spectra, and then
transferred these MoS, domains onto another SiO. substrate, and measured the Raman
spectra again. The transfer process is aimed at releasing the potential strain existing in the
direct-grown MoS; crystals. It was found that the Ez¢* mode of transferred MoS; crystals
showed a blue-shift of 1.7-2.0 cm™, compared to the direct-grown ones on SiO2, while the

Aqg peak position remained unchanged (Figure 5.5).
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Figure 5.3. (a) Raman spectra collected from eight different MoS, domains grown on two types of
substrate, four of which are grown on the SiO; surface, another four are grown on the h-BN film. (b)
Raman spectra measured from the h-BN film under the directly grown MoS; crystals. (c) Optical
image showing the MoS; crystal growth around the region of the transferred h-BN film edge. (d) A
plot of the integrated h-BN Raman peak intensity as a function of distance, which was measured
across the edge of the h-BN film, marked by a black dashed line in panel c. The point on the curve
which is indicated by a black arrow corresponds to the location of the h-BN film edge in panel c, as
the integrated h-BN Raman peak disappears from this point. (e,f) Raman maps of direct-grown MoS;
domains on different substrates, plotting the spatial variation of the peak position for Ez¢' and Ayq
mode, respectively, in the area of the red box marked in panel c, where the upper right region has

the substrate of SiO; and the left bottom area has the substrate of h-BN.
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of substrates, four of which are transferred on the SiO; surface, another four are transferred on the
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f) Raman maps of the peak position for E¢* and Aig mode, respectively, of transferred MoS, domains
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Figure 5.5. Raman spectra collected from six different MoS, domains on the substrate of SiO,/Si.
Spectra 1-3 were measured from the transferred crystals, while spectra 4-6 were obtained from

direct-grown ones on the SiO,/Si chip.
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The biaxial lattice strain in the direct-grown MoS; domains can be calculated by

w— Wo

applying the equation of € = (69, 143, 144) where w and w, are the Raman

2ywg
wavenumber at finite strain and zero strain, respectively, y is the Gruneisen parameter of
Ezql, and ¢ is the biaxial strain. Given that the Gruneisen parameter of Ez¢* mode is 0.54(145)
and the initial wavenumber of 383.8 cm™, | determined that the monolayer MoS; crystals
grown on SiO» suffered a biaxial lattice tensile strain of ~0.45%, in agreement with the
previous reports on CVD-grown monolayer MoS, on the same substrate.(76, 146)
Considering that the monolayer MoS; grown on h-BN has a ~1.8 cm™ blue-shift of Exg!
mode, which is quite similar to the frequency variation (1.7-2.0 cm™) between the strain-
free transferred MoS; and the direct grown MoS; on SiO, it indicates that using the CVD-
grown h-BN film as a substrate can lead to a much smaller lattice strain in monolayer MoS;
grown above, which may arise from the weak van der Waals force at the interface of MoS./h-
BN heterostructures, making the lattice strain easier to release. This conclusion is further
supported by the negligible frequency difference of Ezs' mode between transferred
monolayer MoS; located on h-BN and on SiO», indicating that E2¢* mode is barely affected
by other factors, such as substrate materials, doping levels, interlayer contact, etc., except
for the built-in strain. In terms of Aig mode, which is associated with the doping level, a
stiffening of it in a value of ~1.7 cm™ for MoS; grown on h-BN film, compared with that on
SiO, can be attributed to the reduced electron density in monolayer MoS,.(71, 147)
Compared with SiO, h-BN is known to have a much lower degree of charged impurities,
which can decrease the doping level of the above 2D MoSy, since there will be less charge
transfer from the substrate to MoS> through the interface, consistent with recent studies.(65,
148, 149) The Axq peak frequency difference between MoS2 on h-BN and on SiO> drastically
decreases from ~1.7 cm™ to ~0.7 cm, when this contact mode is realized by the transfer

process instead of direct growth. As aforementioned, there is no change on the Ay peak
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position between the direct-grown and the transferred monolayer MoS; on SiOa. This means
that, through the transfer process, the blue-shift magnitude of Aig mode for MoS;, on h-BN
obviously reduces. This could result from two reasons, one is the contamination from
different kinds of solvents used during transfer, which spoil the clean interface and increase
the doping effect,(147) another possible reason is the lower quality of interlayer interaction
between monolayer MoS; and the h-BN film underneath, which may arise from the higher
surface roughness of CVD-grown h-BN film transferred on SiO2, compared with the bare

SiO2 surface.(69)

However, as the laser-induced thermal effect can change the anharmonicity in the
lattice potential energy of MoS,, having an influence on both Ex' and Aiq mode, (69, 150,
151) one may argue that, in our experiment, the shift could also be produced by a laser-
induced temperature contribution. In order to exclude any thermal effects, all the
experimental conditions used in each Raman measurement was set to be constant, so that
the thermal effect would be approximately the same for different samples. Furthermore, |
did a comparison experiment by decreasing the acquisition time from 2s to 0.5s accompanied
by a reduction on the number of spectra averaged for signal-to-noise enhancement from 2 to
1, it was found that there was no obvious shift on the position of both El,g and A4 peak
(Figure 5.6), which indicates that the laser-induced thermal perturbation in our experiment

can be ignored.
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Figure 5.6. Raman spectra of transferred MoS; domains on the SiO, with different acquisition time

and the number of spectra averaged, defined as ‘accumulation times’ in the figure.

The peak intensity as well as the intensity ratio between Aig and Ezg* also shows
slight differences for MoSz on different substrates. For transferred samples, the Raman
intensity for both vibration modes of MoS: on h-BN appears stronger with a slightly higher
intensity ratio of A1g/E2¢*, compared to that of MoS; on SiO2 (Figure 5.4a). This could arise
from the substrate-induced interference effects, as the absorption and the emission
intensities can be strongly modulated by the interference within different types of
substrates.(68) However, for the direct-grown MoS; on h-BN, even though the Aig/Ezg’
intensity ratio is still higher than that of the direct-grown MoS: on SiO., in agreement with
the phenomenon observed in the transferred samples, the intensities of both characteristic
modes decrease drastically (Figure 5.3a). This could possibly be due to two reasons. One is
the smaller MoS, domain size, which makes the precise focus of laser spots onto MoS>
crystals under optical microscope to be more difficult. The other reason is the higher

roughness of monolayer MoS, domains grown on h-BN film, since the contact quality
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between the direct-grown MoS; and h-BN film is higher than the transferred one, making
the directly grown MoS; conform to the rougher landscape of the transferred h-BN film
underneath. The lower quality of the laser beam focus as well as the fluctuation of the
domain surface could both result in the decrease of the signal intensity for a confocal Raman

apparatus.

Next, | investigated the photoluminescence (PL) of monolayer MoS: in different
conditions. The PL spectra are normalized against the Raman intensity to show the relative
luminescence quantum efficiency between different samples.(44) As depicted in Figure
5.7a, for the PL spectra of transferred MoSz on either h-BN or SiO2 and the direct-grown
MoS2 on h-BN, which have been proved to be almost strain-free in the lattice, there are
mainly three sub-peaks, located at ~625 nm (1.98eV), ~670 nm (1.85eV) and ~680 nm
(1.82eV), respectively, which constitute the whole PL spectra of MoS». The peak at ~670
nm is contributed by the neutral exciton emission from the direct transition at the K point
(denoted as A or Al excitation in different literatures), while the peak at ~625 nm arises
from exciton emission from another direct transition between the conduction band and a
lower lying valence band (denoted as B or B1 excitation in different literatures).(44, 59)
However, the MoS: is easy to be unintentionally negatively doped, when it is contaminated
with some types of solvent, or is just placed on SiO2, which provides a relatively high level
of trapped donors on the surface.(42, 147) Then, a third peak, located at lower energy than
A peak, emerges, and it can be associated with the recombination of negatively charged
excitons of A (trions, A"), that is, a free electron bound to a neutral exciton via Coulomb
interaction. Compared with the literature data, the observed three sub-peaks in our PL for
strainless MoS; correspond to the aforementioned B, A and A™ excitonic transition modes,
respectively.(55, 65, 68, 152) The energy difference between A and A" at room temperature,

which is ~30-40 meV, arises from the large binding energy of the second electron in A", (55)
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| further extract quantitative information of three types of strainless MoS; by fitting the data
to Lorentzian or Voigt functions with three peaks located at photon energy corresponding to
B, A and A" excitonic species (Figure 5.7c—e). Since the detailed peak shape could be
determined by various factors, including lifetime broadening, thermal effect, collision and
dopants, which lead to different spectral line shapes, various fitting functions, including
Gaussian, Lorentzian and VVoigt were applied to find the best fitting results. The results show
a difference in integrated PL intensity ratio between A and A (A/A"), indicating that the
relative populations of neutral to charged A excitons is affected by the doping level of MoS..
The higher the doping level is, the lower this ratio will be. It was found that the MoS;
directly grown on h-BN has the highest A/A"(~ 6.7), followed by transferred MoSz on h-BN
(~ 2.4) with transferred MoS> on SiO2 (~ 1.3) being the lowest. This observation further
reveals the high degree of charged impurities for SiO2, in agreement with the study on
Raman Aig mode above, and the contaminations introduced via transfer process, which can
also increase the doping level of MoS», making the transferred MoS; have a significantly
lower A/A" than the direct grown one even on the same substrate material of h-BN film.
Moreover, in Figure 5.7a, for direct-grown MoS; on SiO, its PL peak corresponding to the
direct transition at the K point experiences a redshift to ~686 nm, leading it to be in an even
lower energy than the A" transition mode of the strain-free MoS,. The PL softening
phenomenon has been interpreted as a signature of the tensile strain existence in MoS: lattice,
which is well compatible with the analysis of Raman Ez4' mode aforementioned and other
recent studies, because it has been reported that both the tensile strain can not only affect
Raman modes but also reduce the band gap of monolayer MoS;, leading to a redshift on its

A excitonic transition mode.(59, 143)
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Figure 5.7. (a) PL spectra of the direct-grown and transferred MoS, on h-BN and SiO,, respectively,
which highlights the peak shape and location variation. Both the wavelength and the photon energy
of peaks are given, as shown in the bottom and top x axis, respectively. The dashed black lines
indicate the positions of three main peak emissions, B excitonic transition (B), the neutral excitonic
transition of A (A) and the charged excitonic transition of A (A’), which can be easily found in the
PL of strain-free MoS; domains, including the direct-grown MoS; on h-BN and the transferred MoS;
on either h-BN or SiO,. (b) PL spectra of the direct-grown and transferred MoS; on h-BN and on
SiOy, respectively, normalized by the MoS; Raman intensity to highlight the PL intensity variation.
(c—e) Fits to the PL peak of strain-free MoS, with three sub-peaks corresponding to A, A" and B,

respectively.
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As seen in Figure 5.7b, the direct-grown MoS; on h-BN has a stronger PL intensity
with narrower FWHM (full width at haft maximum) than both transferred samples and
direct-grown MoS; on SiO3, indicating the higher crystallinity of the direct-grown MoS; on
h-BN with a clean interface and a lower level of charged impurities. It is worth noting that
the PL intensity of transferred MoS2 on h-BN and on SiO; is similar, which means the
substrate of h-BN does not show obvious advantage to SiO, when the contact between MoS;
domains and substrates is realized through the transfer process instead of direct CVD growth.
This could be due to the heavy doping effects on MoS: from solvent contaminations in the
transfer, which covers up the superiority of the low charged impurity level of h-BN
compared with SiO2. This phenomenon further highlights the merits of using CVD approach

to fabricate such MoSy/h-BN heterostructures.

5.3 Conclusion

In summary, | have demonstrated the fabrication of high quality MoS2/h-BN vertical
van der Waals heterostructures through the direct CVD growth of monolayer MoS; on h-
BN films. The large area h-BN films grown by CVD on copper was utilized, which were
then transferred onto the SiO2/Si substrates. Based on the analysis of Raman and PL spectra,
| found that the direct CVD-grown MoS; crystals on the h-BN film suffered smaller lattice
strain and lower doping levels than those directly grown on SiO> (Figure 5.8). This led to a
higher percentage of exciton recombination compared to trion recombination. In addition,
this direct vapour phase growth of MoS2/h-BN heterostructures also had reduced
contamination and led to better interlayer interactions at the interface, compared to those
obtained via layer-by-layer polymer-assisted transfer methods. This direct and versatile
fabrication approach of MoS2/h-BN heterostructures may have potential in electronic and
optoelectronic applications and open up the possibility to create other types of TMDs/h-BN

(MoSe2/h-BN, MoTe2/h-BN, WSez/h-BN, ReS2/h-BN, etc.) heterostructures.
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and their properties through proper employment of characterizations in this work.
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Over the preceding two chapters | have systematically investigated the CVD growth
strategies of monolayer MoS, domains/films on 3D amorphous SiO> substrates and 2D h-
BN films, respectively. By studying and comparing the optical and vibrational properties of
MoS> on various substrates using Raman and PL spectroscopy, it helps me comprehend
some commonly encountered factors, such as doping and lattice strain, which can impact
the intrinsic properties of MoS».(54, 59, 153, 154) However, a direct observation of the
structure of monolayer MoS», which provides the most intuitionistic knowledge of this
material and opens the door for its property engineering from the bottom level, is still lacking
in this project. Therefore, from this chapter, I will fill this gap by employing the aberration-
corrected TEM (AC-TEM) to observe the lattice configuration of monolayer MoS; down to
the atomic level and utilizing the electron beam in the TEM as an ultrafine probe to change

the pristine lattice periodicity of this 2D crystal, thus manipulating its properties.

6.1 Introduction

It is known that structural imperfections in graphene, such as point defects,
dislocations, edges and grain boundaries, can impact its chemical, mechanical, optical and
electronic properties. The effects can be beneficial, such as providing active bonding sites

for absorbed atoms and molecules in controlled chemical reactions, or detrimental, such as
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decreasing the charge carrier mobility for graphene-based field-effect transistors.(39, 155)
There have also been several reports concerning defects in monolayer MoS; and the TMDs
family in general. For example, a unique class of trefoil-like point defects formed by 60°
rotations of metal-chalcogen bonds has been recently discovered, which could give rise to
p-type doping and local magnetic moments.(156) In addition, due to the flexibility of
coordination characteristics for both transition metal and chalcogen atoms, a variety of grain
boundaries composed of a series of dislocation cores having 5|7, 4|4, 4|6, 4|8, and 6|8 fold
rings have been discovered. Some of these defect structures are predicted to be one-
dimensional conductive channels embedded in the intrinsic trigonal prismatic lattice,
providing exciting opportunities to tailor local properties of monolayer MoS..(29, 37, 157)
All these examples offer successful paradigms of adjusting monolayer MoS; properties

through defect engineering (see section 2.2.2 and 2.2.3).

Electron beam irradiation can create defects in 2D materials, due to either a ‘knock-
on’ effect, ionization or beam-induced chemical etching, facilitating the sculpting of 2D
membranes with high spatial accuracy and flexible pattern design.(158, 159) A recent study
showed that 60° grain boundaries around vacancy-induced inversion domains on TMD
monolayers can be generated artificially by a proper dose of electron irradiation.(38) The
electron beam in the (scanning) transmission electron microscope can be utilized not only
as an imaging tool but also as a probe for precise nanostructure fabrication. Theoretical
calculations reported that the displacement threshold of S atoms in a pristine MoS: lattice is
~ 6.5 eV, similar to the maximum knock-on energy transferred from 80 keV electrons to S
atoms.(32, 34) Therefore, a prolonged electron beam illumination on monolayer MoS. under
80kV can produce large amounts of S vacancies. In contrast, bond rotations similar to Stone—
Wales defects in graphene, need much higher formation energy and are not favourable in

MoS: under this imaging condition at room temperature.(156) The isolated S vacancies are

6-116



Chapter 6  Line Defects in Monolayer MoS>

prone to agglomerating into line defects of various geometries, which are different from the
defect structures produced in graphene.(35, 160) Although line defects in transition metal
dichalcogenides have been imaged before by AC-TEM, the spatial resolution was not
sufficient to accurately resolve the positions of all S atoms within the defect structure and
provide direct insights into the detailed S bond lengths and reconstructions.(35) The details
of subtle lattice reconstructions in line defects in monolayer MoS, such as the bond length
changes and S atom positions are needed for precise theoretical predictions of its electronic

and magnetic properties.

In this chapter, a combination of atomic resolution imaging by AC-TEM and density
function theory (DFT) calculations is used to systematically study the lattice reconstructions
associated with line defects in MoSz (Figure 6.1). | provide detailed information about bond
length changes and 2D strain field variations for line defects as a function of their length and
width, as well as a prediction on the band structure evolution from semiconducting to

metallic as the line defect broadens in width.

Figure 6.1. AC-TEM images showing two typical kinds of lattice reconstructions in double sulphur

vacancy lines (2SVL) of monolayer MoS..
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6.2 Results and Discussion

6.2.1 Structure and Dynamics of Sulphur Vacancies

Monolayer MoS; is produced by chemical vapour deposition growth using my
previously reported method in Chapter 5. Samples are transferred to SisNs TEM grids with
2 um holes using a polymer support layer that is removed to leave suspended monolayer
MoS: regions. AC-TEM imaging is performed using an accelerating voltage of 80kV, which
has sufficient energy to produce S vacancies. The spherical aberration of the electron beam
is corrected, which provides a high spatial resolution of the TEM image and increases the
ability to resolve the position of atoms (see Figure 3.4c). Single S vacancies (SV) and
double S vacancies (DV) are the two simple point defects produced in monolayer MoS;

under electron beam irradiation, shown in Figure 6.2a-d.

Bond length measurements in the SV region were obtained using boxed line profiles
along three armchair directions starting from one SV site in Figure 6.2e, spanning four
atoms in projection as S-Mo-2S-Mo, which is schematically illustrated in Figure 6.2i. The
distance between atoms is determined by fitting double Gaussians and measuring the
distance between Gaussian peak positions(161), with the distance scale calibrated by
measuring Mo-S bonds in a pristine region of MoS: lattice. The distances measured between
atoms in the AC-TEM image are the 2D projected distances of MoS,. The deviations of
bond lengths between S-Mo and 2S-Mo in three armchair directions for the SV are almost
negligible and are close to the standard 2S-Mo distance measured in 2D projection (~1.8 A).
Small fluctuations in the distance are attributed to the influence of other SVs around the area

and are within the noise level of the measurement (labelled by white circles in Figure 6.2¢).
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Figure 6.2. (a,b) Typical AC-TEM images of SV in MoS,. (c,d) Typical AC-TEM images of DV in
MoS;. (e-f) AC-TEM images of SV and DV, represented as Vis and Vs, respectively. The typical
examples that are used to conduct bond length measurements in (i,j) have been highlighted by yellow
arrows. The distribution of other single S vacancies around are marked by white circles. (g, h) DFT-
calculated atomic models for SV and DV, respectively, in a pristine monolayer MoS; lattice. (i,j)
Intensity line profiles at SV and DV shown in (e,f), respectively, along directions indicated by red

arrows in the schematic diagrams in each panel. Scale bar corresponds to 0.5nm in all panels.
For the DV in Figure 6.2f, the loss of two S atoms causes the distance between the
three neighbouring Mo atoms to be reduced by 12% from a value of 3.13 A in the pristine

lattice to 2.75, 2.75 and 3.02 A, (labelled 1, 2 and 3, respectively) (Figure 6.2j). The Mo-
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Mo bond contraction along three zigzag directions in the DV is not purely isotropic and |
attributed this to the random distribution of other SVs around DV (marked by white circles
in Figure 6.2f), exerting anisotropic influence on the lattice configuration at the DV site.
This effect is supported by the DFT calculations (Figure B1). In comparison, the Mo-Mo
bond lengths around the one missing S atom in the SV were all measured as ~3.10 A, which

is close to the pristine value and indicates negligible compression.

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 6.3a—c). Figure 6.3d 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,
indicated by white circles and lines. As the size of the vacancy cluster grows, the amount of
bond reconstruction increases, as shown in the red and yellow circles in Figure 6.3d. The
defect clusters primarily adopt linear geometry, which is different to graphene defect clusters
at room temperature. These line defects have a certain length along the zig-zag direction
determined by the number of missing S atoms, but can also grow across more than one zig-
zag 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 ultra-short 1SVL, 2SVL and 3SVL, as shown in Figure

6.3e—g, respectively, and become the nucleation of future extended line defects.
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Figure 6.3. (a-c) Sequence of AC-TEM images showing isolated S vacancies aggregating into
extended line defects under a continuous electron beam illumination at an accelerating voltage of 80
kV. All scale bars correspond to 1nm. (d) 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 0.5nm. (e-g) AC-TEM images of three typical examples of short 1SVL, 2SVL and
3SVL, respectively, which can be seen as the nucleation of extended line defects. All scale bars

correspond to 0.5nm.
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6.2.2 Lattice Reconstructions of Sulphur Vacancy Lines

In Figure 6.4, | examine the changes in bond reconstruction as a function of length for
a 1SVL line defect in more detail. Figure 6.4a—d are a series of AC-TEM images showing
line defects of having only one line of single S vacancies (1SVL) but with lengths varying
from 2 to 7 SVs (marked by white circles in Figure 6.4a—d). Figure 6.4e shows the atomic
model obtained from the DFT calculation in both the 2D projection (top-down view) and
side view based on Figure 6.4d. A multislice image simulation based on the atomic model
shown in Figure 6.4e is presented in Figure 6.4f and matches the experimental image. DFT
calculations indicate that having the S vacancies all within the same layer reduces the energy
by 1.7eV compared to random distribution across the two layers (Figure B2). The formation
of 1SVL alters the local stoichiometry from MoS: to Mo3zSs, whereby the coordination of
Mo atoms with S atoms at the defect site changes from six-fold to four-fold and S atoms
maintain the three-fold coordination with Mo atoms as in a pristine lattice. The DFT
calculated atomic model shows the generation of 1SVL triggers a slight out-of-plane
distortion (side view), leading to the splitting of double stacked S atoms adjacent to 1SVL
in the top-down view (labelled by two black rectangular boxes in Figure 6.4€). This results
in the slight intensity decrease and blurring at the corresponding 2S sites in the AC-TEM
image (marked in white square boxes in Figure 6.4d). | measured the lattice contraction in
1SVL line defects of different lengths by taking intensity line profiles along the armchair
direction across the middle section (Figure B3a—d) spanning 2S-Mo1-S-Mo», Figure 6.4g
(the subscripts are used to differentiate two Mo atoms measured in the same line).
Comparing 1SVL with different lengths to the pristine lattice shows the projected atomic
distances between 2S and Mo are the same (Figure 6.4g) whereas the distance between the
two Mo atoms (Mo1-Moy) has contracted, along with the S atom position moving closer to

Moz as the length of the 1SVL extends. The projected atomic distances between Mo;-S, S-
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Moz and Mo:-Mo, were determined by Gaussian peak fitting, and Figure 6.4h shows the
plot of the relevant interatomic distances as a function of the 1SVL defect length. It shows
that the Mo1-Mo distance has a compression that increases with the 1SVL length, from ~5.3
A in a pristine lattice to ~4.2 A when the aggregated number of S vacancies reaches 7 at
1SVL, yielding a shrinkage ratio of 21%. The planar Mo1-S distance drastically decreases,
while the S-Mo> distance increases when the aggregated number of single S vacancies
increases from 0 to 5, indicating that a single S atom undergoes displacement relative to Mo;
on its left. Therefore, with the extension of 1SVL, the projected view of the line defect
structure shows an increased contraction ratio for Mo sublattice at 1SVL along the armchair
direction, indicated by a continuous decrease of Mo:—Mo; distance. In addition, residual
single S atoms at 1SVL undergo displacement to Moz atoms, which switches the original
zigzag configuration of the Mo-S string to an approximately straight line (indicated by

dashed rectangular black and white boxes in Figure 6.4e,f, respectively).

I next studied the effect of increasing the width of line defects by examining the
2SVL that has two adjacent parallel sulphur vacancy lines. Figure 6.5a,b show two types of
extended 2SVL defects, which have slightly different S reconstruction. Figure 6.5¢ shows
a 2SVL with a kink that has the two different types of reconstruction present. The fine details
of these reconstruction are shown in Figure 6.5d—g, highlighting the shifts in the S positions
and the impact on the positions of Mo along the line defect (Figure 6.5h,i). The S atoms in
the type 1 2SVL are further apart compared to the type 2 2SVL and the Mo atoms are spaced
further apart in the type 1 2SVL compared to the type 2. Figure 6.5i shows the separation
distances between Mo atoms along the regions indicated in the AC-TEM image in Figure
6.5h, for type 1 and type 2 2SVL structures. The origin of the two types of 2SVL is likely
associated with strain effects from the compression occurring in the lattice from the missing

S atoms. The kink in the line defect in Figure 6.5c results in non-orthogonal strain
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components from one line defect impacting on the other section. In general, type 1 2SVL is

the most common 2SVL observed in the lattice.
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Figure 6.4. (a—d) AC-TEM images showing 1SVL in different lengths, having elevated numbers of
single S vacancies aligning in the same line, being 2, 3, 5 and 7, respectively. () DFT-calculated
atomic model based on (d), with both the projection view and the associated side view. (f) Multislice
TEM image simulation corresponding to the atomic model in (e). (g) Intensity line profiles measured
across the middle of 1SVL in different lengths, shown in (a—d), along the armchair direction
indicated by the red arrow labelled in the schematic diagram, spanning 2S-Mo1-S-Mo: in projection
(the subscripts are used to differentiate two Mo atoms measured in the same line). (h) Scattered line
graphs showing the distance variations between Mo: and Mo, S and Mo, as well as Mo; and S,
respectively, when the number of aggregated single S vacancies increases from 0 to 7. Scale bar

corresponds to 0.5nm in all panels.
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Figure 6.5. AC-TEM image of a 2SVL with (a) type 1 S reconstruction and (b) type 2 S
reconstruction. (¢) AC-TEM image showing the intersection of type 1 and type 2 2SVL defects. (d)
Magnified view of the red boxed region in (c) for a type 2 2SVL. (e) Magnified view of the yellow
boxed region in (c) for a type 1 2SVL. (f,g) Schematic atomic model overlaid onto the respective
AC-TEM images from (d,e). (h) Positions of Mo and S atomic columns are indicated on the AC-
TEM image from (c), with S in yellow and Mo in cyan. White circles indicate the S vacancy sites.
(i) Comparison of line profiles taken in the regions indicated with the broad white lines in (h) for the

two types of 2SVL. All scale bars correspond to 0.5 nm.

Based on DFT calculations, the low energy configuration for the type 1 2SVL has
alternating rows of S vacancies between top and bottom planes, shown in Figure 6.6b,
agreeing with previous reports.(35) Similar to 1SVL, 2SVL also induces a slight out-of-
plane distortion at the defect site. The lowest coordination number of Mo atoms with S atoms

further decreases from 4-fold for 1SVL to 3-fold for type 1 2SVL (Figure 6.6b). The type 2
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2SVL has similar S positions to a 1T phase of MoS and in Figure 6.6e-h | show its
transformation to a type 1 2SVL structure after 10 seconds of electron beam irradiation. This
occurs by shifting the single S atom line labelled in yellow circles (Figure 6.6e) to right
along the armchair direction slightly (Figure 6.6h), switching the geometry of the Mo-S
string on the right side from zigzag to a straight line. The type 2 2SVL usually occurs when
there are other defect structures around, such as the triangular inversion domain shown in
Figure 6.6d. Figure 6.6i—I shows a schematic illustration of the atomic position changes
needed to achieve a type 2 2SVL structure. The actual formation pathway of a type 2 2SVL
will be more complicated than the process shown in Figure 6.6i—l, because the line defects

are formed by the agglomeration of point defects that involves multiple bond reconstructions.

The lattice changes for the 2SVL were measured as a function of their lengths and
types using line profiles across the middle section spanning Mo1-S-Mo> (Figure 6.6m). The
short type 1 2SVL is from Figure 6.3f, while the longer type 1 2SVL is from Figure 6.6a
(Figure Ble—g). The projected distances between Mo:-Mo2, S-Moz and Mo:-S in 2SVL as
a function of their type and length are plotted in Figure 6.6n. Compared with the pristine
MoS: structure, both types of 2SVL have lattice compression along the armchair direction,
as depicted in the line chart of Mo1-Mo> (Figure 6.6n). However, the contraction for a type
1 2SVL (17%) is larger than for a type 2 (11%), even considering both the short type 1 2SVL
and a long type 2 2SVL. The compression is greater for the longer type 1 2SVL compared
to short type 1 2SVL, similar to 1SVL and confirms an increased lattice compression in the
projected view with an extension of S vacancy lines. The position of single S atoms relative
to its two neighbouring Mo atoms also varies for the two types of 2SVL. Compared with the
pristine MoS; lattice having 2S placed closer to Mog, the single S atom tends to locate at
approximately the middle of two Mo atoms for type 1 2SVL, whereas the type 2 2SVL has

single S positioned closer to Mos.
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Figure 6.6. (a) AC-TEM image of type 1 2SVL with two adjacent single S vacancy lines highlighted
by white circles. (b) DFT-calculated atomic model for the type 1 2SVL shown in (a). The Mo atoms
marked by red circles show a three-fold coordination with their neighbouring S atoms. (c) Multislice
TEM image simulation based on the atomic model in (b). (d) AC-TEM image showing type 2 2SVL
with its surrounding environment included, having a triangular inversion domain on top. The detailed
configuration of type 2 2SVL labelled in the white dashed box is magnified as inset. (e) AC-TEM
image of the region marked in the orange dashed box in (d), with two single S vacancy lines marked

by white and yellow circles from left to right, respectively. (f) Atomic model of type 2 2SVL, with
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labels indicating that single S atoms along two S vacancy lines are located in the centre of their
triangularly-arranged three Mo atoms. (g) Multislice TEM image simulation based on the atomic
model in (f). (h) AC-TEM showing the transformation of a type 2 2SVL to type 1 after 10 seconds.
(i-1) Schematic illustration showing atomic position changes from pristine lattice to type 2 2SVL.
(m) Intensity line profiles measured across the middle of 2SVL in different types and lengths, along
the armchair direction indicated by the red arrow shown in the schematic diagram. The short type 1
2SVL, long type 1 2SVL and type 2 2SVL correspond to the example of the type 1 2SVL in Figure
6.3f and this figure’s (a) and (e), respectively. (n) Plots showing the distance difference between Mo:
and Moy, S and Moy, as well as Mo;-S, respectively, for 2SVL with the variation of types and lengths.

Scale bar corresponds to 0.5nm in all panels.

The 2SVL further increases in width by S vacancies agglomerating along the
armchair direction, forming 3SVL and 4SVL, as shown in Figure 6.7a—c. These generally
have structure similar to the type 1 2SVL in terms of the S bond reconstruction. Figure 6.7d
shows the AC-TEM image of the region marked with the dashed white box in Figure 6.7c,
with the DFT-calculated relaxed atomic model and the corresponding multislice simulation
shown in Figure 6.7e,f, respectively. The energetically stable structure still has staggered
arrangements of S line vacancies alternating between the top and bottom S planes, Figure
6.7e. 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 6.7e.
Intensity line profiles are measured for the 3SVLs with two different lengths (long and short)
from images in Figure 6.3g and Figure 6.7d (Figure 6.7g) (Figure B3h,i). Lattice
contraction occurs along the armchair orientation and increases with the 3SVL length,
agreeing with the observations on 1SVL and 2SVL. A prolonged electron beam irradiation
causes the line defects to further expand in both length and width. Figure 6.7h,j are two
typical examples of nSVL having 5 and 8 extended sulphur vacancy line widths, with
corresponding atomic models shown in Figure 6.7i,k, respectively. This indicates a large
tunable range for line defect geometry, providing flexibility for patterning MoS.-based 2D

nanodevices.
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Figure 6.7. (a) AC-TEM image of S line vacancy with increased width, with (b) showing white
circles to indicate the 1S vacancy locations. (¢) AC-TEM image showing the structure of 3SVL. (d)
Magnified AC-TEM image of the region labelled in the white dashed box in (c), showing the detailed
lattice reconstruction at 3SVL, with three single S vacancy lines highlighted by white circles. (e)
DFT-calculated atomic model of 3SVL corresponding to (d). The lattice marked in the red dashed
box indicates a transformation on the periodicity of atom arrangements from hexagons to rectangles
in the projection view. (f) Multislice TEM image simulation based on the atomic model in (e). (9)
Intensity line profiles measured across the middle of 3SVL in different lengths, along the armchair

direction indicated by the red arrow shown in the schematic diagram. The short and long examples
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correspond to 3SVL shown in Figure 6.3g and (d), respectively. (h, j) AC-TEM images showing
two typical examples of nSVL (n > 3), which are 5SVL and 8SVL, respectively. The line defect
region has been highlighted by covering a half-transparent white mask, which displays distinct
structural difference from the right pristine lattice with an atomically-sharp and straight boundary.
(i, k) Atomistic models corresponding to the structure of 5SVL and 8SVL shown in (h) and (j),

respectively. Scale bar corresponds to 0.5nm in all panels.

6.2.3 2D Strain Analysis of Sulphur Vacancy Lines

| examine the strain in the lattice resulting from the line defect formation (Figure
6.8). 2D displacement and strain maps were constructed for two typical examples of type 1
2SVL and 7SVL using a real space analysis method similar to prior work on carbon
nanotubes (see section 3.6.3).(115) Measuring changes in atomic positions has also been
used to map strain in graphene grain boundaries and divacancies.(162)(163) The 2D
displacement maps of 2SVL and 7SVL show prominent lattice compression towards the line
defects in the x direction with an increased magnitude as the line defect broadens (Figure
6.8(i)a,(ii)a), whereas the lattice distortion in the y-axis is insignificant (Figure 6.8(i)b,(ii)b)
(Figure B4). The compression or tension of the local lattice in the x-y plane is revealed by

auy

maps of P

and%. Interestingly, for type 1 2SVL, strain fields in the x direction are

organized into tension-compression dipoles along the S line defects but in large magnitude
variations, as indicated by black boxes in Figure 6.8(i)c. The contraction strain fields can
reach above 50%, while the tension strain fields are only around 20%. This is consistent
with the atomic position measurements across the type 1 2SVL (Figure 6.6n), where the
projected interatomic distance of S-Mo. and Mo:-S for the long type 1 2SVL show a
compression and an elongation trend, respectively, with a distinct difference on the relative
change. The strain field in the y direction is almost zero, which is due to the negligible

displacement along this direction. Because the TEM image is the 2D projection of the 3D
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atomic structure, the elongation or shrinkage of the distance between two neighbouring
atoms measured in a TEM image can come from two effects: (i) the bond length variation
between two atoms, which indicates an in-plane lattice deformation; (ii) an out-of-plane
distortion, which can alter the projected distance between two atoms along certain direction
in the x-y plane. To confirm the origin of the 2D strain fields in the x direction in line defects,
| calculated the Mo-S bond length variation between line defects in DFT-calculated atomic
models and a pristine lattice, yielding a compression/tension ratio of less than 5% (Figure
B5). This indicates that both the contraction and tension fields along x-axis are mainly
derived from the out-of-plane distortions of the lattice in line defects, also seen in the side
view of atomic models for type 1 2SVL (Figure 6.6b). The angle between Mo-S bonds and

the x-y plane varies at the defect site compared with the pristine lattice, resulting in a change

of the projected distance between Mo and S atoms. The 2D shear strain fields of % are

ordered into positive-negative dipoles as well (marked by black dashed boxes in Figure

6.8(i)e), with an approximately balanced magnitude along the line defects, while % is

nearly ignorable, representing a periodically-organized simple shear mode in projection.
Both the normal and shear strain fields are highly localized along the 2SVL, with small
perturbations to the neighbouring lattice. In terms of strain field maps for 7SVL, they show
similar characteristics as 2SVL regarding both the organization manner of strain fields and

their magnitudes, as shown in Figure 6.8(ii)c—f. The only difference is that the strain fields
of % along different S vacancy lines has small deviations in magnitudes, which could be

due to the generation of ripples at line defects (Figure B6, Figure B7, Figure B8).
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Figure 6.8. (i)(a, b) 2D displacement maps of type 1 2SVL in the x and y direction, respectively,
which are overlaid on the corresponding maximum-filtered 2SVL AC-TEM image. The colour scale
is + 1.5A. The white circles indicate the line of Mo atoms which locate close to its neighbouring two
single S vacancy lines, marked by blue circles. The black arrow points out the Mo atom that is chosen
as the reference point. (c-f) 2D strain maps of dUx/dx, dUy/dy, dUx/dy and dUy/dx. The colour
scale is £1.1 (£110%). The black rectangular boxes marked in panel ¢ show the normal strain fields
in the x direction, which are organized into tension-compression dipoles with a large magnitude
variation, while the black boxes labelled in panel e displays shear strain fields that are also ordered
into pairs but with balanced magnitude along type 1 2SVL. (ii)(a, b) 2D displacement maps of 7SVL
along the x and y direction, respectively, which are overlaid on the corresponding maximum-filtered
7SVL AC-TEM image. The colour scale is + 3.5A. The white circles indicate one line of Mo atoms
which locates in the middle of the defective region. The black arrow indicates the Mo atom that is
chosen as the reference point. (c-f) 2D strain maps of dUx/dx, dUy/dy, dUx/dy and dUy/dx for
7SVL. The colour scale is +1.1 (+110%). Scale bar corresponds to 0.5nm in all panels.

6.2.4 Band Structure Calculation
Finally, DFT has been applied to calculate how the band structures of MoS; are

impacted by the presence of these line defects (calculated by Prof Gun-Do Lee, Mr Sungwoo
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Lee and Prof Euijoon Yoon). In particular, the electronic properties have been studied under
the assumption of infinitely long line defects in MoS.. For the band structure calculations,
the infinite line defects are made within a periodic orthorhombic unit cell of the pristine
MoS: lattice structure. As the width of the line defects increases, the size of the band gap
decreases, as shown in Figure 6.9. The band gap of pristine MoS; without a line defect is
found to be 1.68 eV, similar to previous reports.(164, 165) The defect lines introduce new
states between the conduction band minimum and the valence band maximum, compared
with the band structure of pristine MoS». The band structure of 1SVL, 2SVL, and 3SVL
shows direct band gaps of 0.546, 0.058 eV, and 0.047 eV, respectively. As the number of
defect lines increases over 4SVL, the band gap disappears and it finally becomes metallic
(Figure B9). From the band structure calculations, the tunability of band gap depending on

the number of line defects can be found.
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Figure 6.9. DFT calculated band structures of 1SVL, 2SVL, 3SVL and 4SVL, respectively,
indicating a gradual band gap decrease as the line defect broadens with the electronic property

alteration from semiconductor to metal.

6.3 Conclusion

In this chapter, | study the detailed bond reconstructions that occur in S vacancies
within monolayer MoS; using a combination of aberration-corrected transmission electron
microscopy, DFT calculations and multislice image simulations. Removal of a single S atom
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causes little perturbation to the surrounding MoS: lattice, whereas the loss of two S atoms
from the same atomic column causes a measurable local contraction. Aggregation of S
vacancies into linear line defects along the zig-zag direction results in larger lattice
compression that is more pronounced as the length of the line defect increases. For the case
of two rows of S line vacancies | find two different types of S atom reconstruction with
different amounts of lattice compression. Increasing the width of line defects leads to
nanoscale regions of reconstructed MoS; that are shown by DFT to behave as metallic
channels. In addition, 2D strain maps based on displacement maps display the strain field
distribution around various line defects, providing a general view of the lattice distortion.
This study opens up the opportunity for top-down patterning of semiconducting/metallic
interfaces through defect engineering, which has importance for future electronic and opto-

electronic devices.
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In Chapter 6, | studied the fine structures of various line defects, which were formed
by the migration and aggregation of S vacancies generated by the electron beam (EB)
irradiation. If I went on bombarding the clean, suspended monolayer MoS, membrane with
an enhanced electron dose via focusing the beam, more S atoms were knocked off with Mo
atoms agglomerating into nanowires and clusters.(166) Since there was also residual
mechanical stress in MoS; due to the transfer process (baking treatment), the monolayer
MoS: film lost its continuity quickly, forming holes with expanded sizes followed by cracks
generating and emanating from the hole. This is similar as puncturing a drumhead by a
needle. It provides a 2D platform to study the facture mechanics of the material, enabling
me to image the crack tip configurations and track the real-time crack propagation with the

ability of resolving each single atom unambiguously.

7.1 Introduction

Fracture in a material is centred around the mechanical behaviour of cracks and their
tips as they develop.(167-175) Brittle fracture is associated with rapid clean cleavage of
bonds and ductile fracture generally involves some plastic deformation around the tip front
that slows down the crack propagation.(176) Preventing a crack from brittle propagations

can delay mechanical failure and effectively increase the material’s fracture toughness.
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Crack tips with atomic sharpness are predicted to play a major role at the frontier of crack
propagation and therefore it is important to understand their behaviour at the single atom
level.(177) However, the non-negligible thickness of samples has been a major factor
limiting atomic level in-situ dynamic studies of crack tip interactions in materials,(178-180)

which could be overcome by utilizing ultrathin monolayer 2D materials.

Gaining a deep understanding of fracture mechanics requires investigation at the
atomic level, due to the nature of bond breakage in crack propagation, the nanoscale size of
crack tips, interactions with defects and the plasticity generated in ductile materials under
stress. Among different imaging techniques,(181-184) TEM can provide single atom
resolution, and the recent rise of 2D materials, such as graphene, MoS; and BN, provides
material samples to image the exact atomic structure of crack tips where the atomic positions
can be truly interpreted from their 2D projection.(29, 185) Classical molecular dynamics
(MD) simulation represents an efficient tool to investigate the mechanics and fracture of
different 2D materials. Fracture in graphene has been heavily investigated in simulations
with comparison to experiments,(186-190) and there is evidence that defects in graphene do
not strongly alter the crack propagation speed.(191) However, it is not clear if all the 2D

materials fail in the same way.

Here, the structure and dynamics of cracks in suspended single crystals of monolayer
MoS: have been examined at the atomic level using aberration-corrected TEM (AC-TEM).
Cracks were introduced into MoS; by popping the strained 2D membrane with a focused EB
to cause fractures (Figure 7.1a). MD simulations based on first-principles reactive force
fields on the same length scale as experiments are used to reproduce the experimental
observations and provide insights into the dynamical behaviour (MD simulations were done
by Dr Zhao Qin, Mr Gang Seob Jun, Dr Francisco J. Martin-Martinez; Ms Kristine Zhang

and Prof Markus J. Buehler.).
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7.2 Results and Discussion

7.2.1 Fast Fracture in Strained Pristine Monolayer MoS2

Figure 7.1b shows a low magnification TEM image of the region where the EB has
popped the MoS, membrane by sputtering a hole, indicated with the yellow dashed boxed
area, and the cracks that emanated into the surround area of the MoS; that had not been
subjected to EB irradiation. The region of the crack tip is indicated with the white dashed
box (Figure 7.1b) and the inset shows a magnified view of this area. The cracks were found
to have zigzag edge terminations, as shown in Figure 7.1c, that are straight and long and
indicative of brittle fracture along the crystallographic plane. Large scale MD simulations
also predict the presence of cracks propagating from the end of an elliptical hole (Figure
7.1d) along the zigzag direction with similar zigzag edge terminations. Snapshots from the
MD simulations reveal that the crack can narrow to an apex tip with atomic sharpness and
in some cases have reconstructed tips that contain atomic chains bridging the gap (Figure

7.1f-h).
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Figure 7.1. (a) Schematic illustration showing CVD-grown triangular-shaped monolayer MoS;
domains with the size of ~15 um transferred on to a SisNs TEM grid with arrays of 2 micron holes.
Each domain can completely cover several holes. The zoomed-in image of the circular window
shows the crack generation process by the focused EB on the suspended monolayer MoS,; membrane
covered on one TEM hole. (b) TEM image showing the crack microstructure. The crack was
developed from a hole created by continuous focused EB irradiation, marked by the yellow box. A
typical crack propagated along a certain lattice direction can be seen (masked by a semi-transparent
yellow colour), leaving long and straight teared edges, highlighted by the red arrow. The white
dashed box shows the crack morphology (highlighted by a semi-transparent red colour) in its final
propagation stage including the crack tip with a higher magnification image below as an inset. (c)
Montage of AC-TEM images stitched together to show the long range atomic sharpness of the edges
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of the crack. The shape of the crack is highlighted in yellow. Insets show magnified AC-TEM image
of the edge configurations. (d,e) Snapshot of MD simulation of the crack propagating from the end
of an elliptical hole in a piece of MoS, model of 200 by 200 nm? under mechanical stretching force.
The crack tip shows an atomic sharpness feature. (f-h) MD simulation snapshot of a different crack
propagation by creating a smooth crack edge before creating a step and breaking bonds in front of
an intact Mo-S bond, leaving a residue chain behind the crack tip. Pink and yellow spheres indicate

Mo and 2S atoms, respectively.

Analysis of AC-TEM images for several different crack tips showed excellent
agreement with the MD calculations (Figure 7.1f,g), with the two different types of sharp
tips (atomically sharp and reconstructed) observed (Figure 7.2a—d). The first type shows the
crack narrows all the way down to a single Mo-S bond at its tip by cleavage of bonds directly
along a certain zig-zag lattice orientation, with almost no reconstruction at the tip (Figure
7.2b). The second type shows reconstructions at the tip, which might help relieve the
rotational strain around that region. A schematic illustration based on experimental
observations, which indicates a possible movement of atoms required to form the
reconstructed tip, is supplied in Figure 7.2e—i. Initially, four Mo-S bonds labeled by short
red lines are broken (Figure 7.2e) due to the stress concentration at the crack tip.
Subsequently, the Mo-S bond between atom 4 and 1, marked in a white dashed ellipse, has
a clockwise rotation (Figure 7.2f) and hangs above the bottom torn edge, making the second
and fourth Mo atoms face to two 2S sites labeled in two dashed rectangles (Figure 7.29)
and bond with them (Figure 7.2h). Some S atoms on the crack edge or dislocation edge
dissociated from the MoS: lattice during the crack and reconstruction process possibly due
to the EB irradiation (Figure 7.2i), and finally form the crack tip with dislocation cores

situating ahead, consistent with the atomic configuration in Figure 7.2d.
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Figure 7.2. Structure of atomically sharp and reconstructed crack tips. (a) AC-TEM image of an
atomically sharp crack tip in MoS; and (b) magnified image with atomic model overlay. Mo and
yellow and orange circles represent Mo, 2S and 1S atoms, respectively. (¢) AC-TEM image of a
reconstructed sharp tip in MoS; and (d) magnified image with atomic model overlay. Atoms that are
labelled by numbers from 1 to 4 a pair of stacked S atoms and three Mo atoms, respectively. (e—i)
Atomic models showing the possible formation process of the reconstructed tip in panel d. The Mo
and 2S atoms of those highlighted ones are coloured in green and pink, respectively, being different

from the colour of blue and yellow in a pristine lattice.

Crack propagations in MoS: can be straight for up to 1um, forming atomically

smooth edges of over nanoscale distances (Figure 7.3a-d). Very tiny (sub-nm) crack
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deflections are observed across one or two rows of lattice (Figure 7.3a). Interestingly,
different from graphene, for which cracks occur along both armchair and zigzag lattice
directions,(190) in monolayer MoS; cracks predominantly occur along the zigzag lattice
direction. The cracks have complementary atomic edge terminations, indicative of cleaving
the Mo-S bond along the zigzag direction, as shown in Figure 7.3b—d (Figure C1, Figure
C2). The left side is constructed by Mo zig-zag edges, whilst the right side has Mo atoms
dangling on S zigzag edges, similar as Klein edges in graphene.(192) The outermost S
atoms, marked by yellow circles in Figure 7.3c, disappeared, which may happen either
during the unzipping of bonds as the crack propagated or as the EB irradiation prolonged.
Occasional 60° direction changes of the cracks following zigzag orientations were observed
(Figure 7.3e) and the near-perfect unzipping along all directions demonstrates brittle

fracture.

MD simulations show that cracks heading in the zigzag direction have smooth
propagation with tiny deflections, while a crack heading in the armchair direction propagates
with more deflections of 60° (Figure 7.4b,c). The computed energy release from MD
simulations along the zigzag direction is 2.09+0.13 eV/A, lower than the armchair direction
of 2.48+0.16 eV/A, agreeing with previous DFT calculations of 2.21 eV/A for zigzag
directions (Figure 7.4d). Such difference in energy release explains the predominant zigzag
crack propagation direction in experiments. The ratio of the energy release is very close to
the ratio of the total crack length (cos(30°)), suggesting that the increment in the crack path
length for the atomic crack tip mainly contributes to the delayed crack propagation along

the armchair direction.
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Figure 7.3. AC-TEM images showing edge structures of a brittle fracture on MoS,. (a) AC-TEM
image of long and straight zigzag crack edges. The inset is the Fourier transform of the image with
labels of two main families of 2D MoS; crystal planes, {100} and {110}. (b) Detailed structure of
the MoS; edges from the region indicated by the white dashed box in panel a. (c) Atomic model of
the edge structure in panel b. The blue, yellow and orange spheres represent the single Mo atom,
double S atoms and the single S atom, respectively. The yellow circles represent the missing S atoms,
and the series of horizontal blue dashed lines are drawn to help showing the alignment between these
two edges. (d) Multi-slice image simulation using the atomic model in panel c in a supercell. (e) AC-
TEM image showing direction changes of crack direction along the zigzag lattice direction. The inset

is the Fourier transform of the image, confirming the zigzag direction of each edge.
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Figure 7.4. MD simulations showing edge structures of a brittle fracture on MoS,. (a) Simulation
snapshots of the MoS, model before and after loading by penetrating with a rigid cylindrical beam
as schematically shown. Each model is initially built with a circular hole of 10 nm in diameter and
two initial cracks with 30° sharpness and 2 nm in length. Increment in the diameter of the beam
generates the driving force for the crack to propagate. Models of different lattice directions (zigzag
versus armchair) respect to the direction of the initial cracks were tested. Snapshots of the crack

edges after rupturing along the zigzag (b) and armchair (c) directions. (d) Energy release after crack
propagation in two different directions.

7-143



Chapter 7 Cracks in Monolayer MoS>

. " " » . . . . » .
Al Saih e e  dadh iy s i e

: .\.’.\.’.\./.‘./.\./.\‘.\.,.\.’{.,.\

SR 2h Gh b b S S G Sk &

¢ .‘.’.‘.’.‘.’.‘.’.‘C’.‘.’.‘.’.‘.’.‘.’.‘

Figure 7.5. Diversity of edge structures. (a) AC-TEM image of the MoS; torn edges with a path
deflection. (b) Detailed structure of a segment of the MoS. edge from the region indicated by the
white dashed box in (a), where a configuration reconstruction of the outermost Mo and S atom takes
place. (c) Atomic model of the edge structure in (b). The blue, yellow and orange spheres represent
the single Mo atom, double S atoms and the single S atom, respectively. (d) Multislice TEM image
simulation using the atomic model in (c). (¢) AC-TEM image of another typical long and straight
MoS; zigzag edge. (f) Detailed edge structure from the region marked in the white dashed box in (e)
with an atomic model overlaid. (g) Simulation shapshot of the MoS; edge structure after performing
a penetration test in a MoS, model, which is cropped from Figure 7.4b. The regions marked by
orange ellipses in (f) and (g) show a good match on edge configurations between the AC-TEM image

and the simulation results via a penetration test.
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The zigzag edges do not have only one specific, well-defined configuration, but instead,
could slightly vary, showing multiplicity of states with a certain level of flexibility for the
detailed locations of the outermost Mo and S atom rows. As shown in Figure 7.5a,b, one
segment of the edge on a deflected crack path exhibits reconstructions, where the outermost
S atoms on a Mo-terminated zigzag edge has only 50% occupancy. In addition, this line of
single S atoms is pushed closer to the outermost Mo atoms, showing a straight profile instead
of a zigzag geometry. The similar structure of such 50% S-covered Mo-edge has also been
reported in other work(29), and could be triggered by either the cracking process or the

influence from the EB irradiation.

Another edge configuration is depicted in Figure 7.5e, on a pair of long and straight
zigzag torn edges with small terraces, there is one segment which has the outermost single
row of Mo and S atoms mismatch and lose their connection with the rest lattice (Figure
7.5f), consistent with the simulated edge configuration after performing a penetration test
on the MoS2 model (Figure 7.5b). However, this part of the edge could easily be sputtered

by EB irradiation due to its loose connection with the rest of the lattice.

7.2.2 Slow Fracture in Defective Monolayer MoS:

Exposing the crack tip region to the EB caused propagation within a fixed location.
Before analyzing the fracture dynamics, one question needs to be answered, i.e., what is the
driving force for the crack propagation in monolayer MoS> under EB? In general, cracks in
MoS: can be separated into two stages: (1) fast crack stage after popping the 2D membrane
by the focused EB, and (2) slow crack stage derived from a continuous EB irradiation that
allows us to follow and image the crack tip region to learn its dynamics. The driving force

for crack propagations in these two stages are different.
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In stage 1, the dominant driving force was the residual mechanical stress derived
from the transfer process of MoS, monolayers from the growth substrate to the TEM grid.
Since this PMMA-assisted transfer process includes steps like baking and cooling of the
sample. It introduced mechanical stress to MoS: films that covers on circular windows of
the TEM grid, similar as a tight ‘drumhead’. However, the stressed drumhead will not break
spontaneously if there is no needle to puncture it. The focused EB can work as a needle to
puncture the sample inside the TEM. Once there was a small hole punctured by the EB,
cracks quickly formed and propagated over a long distance. At the same time, the residual
mechanical stress from the transfer process of the 2D film was largely released, causing the
crack propagation to halt. The crack speed in this stage is too fast to be captured by TEM,
so | can only study freshly torn edges, which reflects fast crack propagation behaviour shown

in Figure 7.3.

| tracked the location of the crack tip by following the brittle torn edges to the apex
point and imaged the crack tips with a magnification of 1.5 million times in TEM.
Surprisingly, it was found that the crack began to propagate further with a very slow velocity
during my imaging. If blanking the EB, the crack position did not proceed. Such a EB-
induced slow crack propagation is described as stage 2, during which | tracked the crack
propagation dynamics and captured images shown in Figure 7.7 and Figure 7.8. In brief,
the crack driving force at this stage was triggered by the line-defect-induced lattice
contraction and the rolling up of the fresh torn edges, both of which provided small stress at
the crack tip and led the lattice to slowly open up. In terms of the first reason, as discussed
in Chapter 6, EB at 80kV can generate S vacancies in monolayer MoS, which prefer to
agglomerate into line defects. Line defects were prone to aligning along zigzag lattice
directions, therefore, causing a remarkably lattice contraction in the armchair direction

(Figure 7.6a,b, Chapter 6). Since | kept imaging along the fracture edges until reaching the
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crack tip, many S vacancies were created by the continuous EB irradiation, forming line
defects along fracture edges, which can supply small mechanical stress along the armchair
direction at the crack tip to pull the lattice apart. As shown by the schematic illustration in
Figure 7.6¢, if assuming line defects were uniformly distributed along three different zigzag
directions in the upper half cracked region close to torn edges (represented by three red solid
lines), they will induce lattice contraction along three corresponding armchair directions
(represented by three pairs of arrows in white, yellow and black, respectively). Since the
torn edges are free ends, while other sides of the MoS, membrane are fixed because of their
attachment to the SisNs TEM grid, the resultant strain should align in the direction
perpendicular to the upper torn zigzag edge. The mechanical stress is in the same orientation
as that of strain. The analysis of the stress generated in the region that is below the bottom
torn edge due to the line defects formed at the lower half cracked region is similar, and I can
get another mechanical stress heading downwards, being perpendicular to the bottom edge.
Such stress provides the driving force for the crack propagation in the slow crack stage. In
terms of the second reason, it was found that the freshly cracked edges tend to curl up, which
could be induced by a decrease of the surface energy. This behaviour also supplies
mechanical stress to open up the lattice at the crack front. Therefore, the penetration test
applied in the simulation develops a very similar situation as the real fracture happening
under TEM and can mimic the crack behaviour. Another thing which is worth mentioning
is that the imaging region by the CCD (charge couple device) camera is smaller than the
area that is illuminated by EB. The yellow circle in Figure 7.6¢c schematically indicates the
imaging region, while the black circle represents the illumination region. In addition, as |
tracked the crack tip along the edges (represented by the green arrow), the region that is in
the right part of the illumination area, which cannot be imaged, had a longer accumulated

irradiation time by the EB than the central imaging area. It facilitated the formation of large
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numbers of line defects there and generated enough mechanical stress for the slow crack
propagation. That is the reason why in some images (Figure 7.7), even though there were
only a small number of vacancies being imaged in the near-tip region, the crack can still

propagate forward.

Figure 7.6. Driving force of the crack propagation under the electron beam. (a) AC-TEM image
showing the formation of line defects in monolayer MoS; due to the missing of three S lines along
the zigzag lattice orientation under EB irradiation. (b) Atomic model of the line defect structure. The
pair of red arrows shows the lattice contraction along the armchair direction due to the generation of
line defects. The blue, yellow and orange spheres indicate the single Mo atom, the single S atom and
double S atoms, respectively. (c) Schematic illustration showing the line-defect-induced stress for
the slow crack propagation.

A fracture speed of ~ 0.2 nm/s was found under the conditions (Figure 7.7a—) and is
slow enough to capture the dynamics with atomic resolution in AC-TEM. Since the EB
introduces S vacancies into the MoS; lattice, it enabled me to study how the crack
propagation was influenced by defects. The crack propagating in the region with a small
amount of vacancies encountered more path deflections compared with edges produced in a
fast fracture (Figure 7.1-Figure 7.3), indicating an increased crack instability. The fast crack
propagation occurred in pristine regions of the MoS; that were not exposed to the EB and
therefore had minimal defect density. Figure 7.7d shows the crack propagation trajectory

with respect to two S vacancies (marked by white circles) that are located close to the crack
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tip. Figure 7.7e shows that the crack deflection occurred at a region between the two S
vacancies, After the crack front passed through, the two S vacancies disappeared. This
indicates that the influence between the crack tip and defects in materials is two-way rather
than one-way. Vacancies trigger the path deviation of the crack tip due to the structural
incoherence, and in turn, the stress field concentrated around the crack front gives rise to the
migration of vacancies. Therefore, an accurate prediction on the deflection position of a
crack could be complex, as it is not simply determined by the location of a static vacancy
but is governed by a dynamic process involving a mutual effect between the vacancy and
the crack front. To confirm the crack tip as the dominant factor for the migration of these
two S vacancies and exclude the impact from the EB radiation, | monitored another four S
vacancies situated away from the crack path (marked by green circles in Figure 7.7d), where
the stress field is reduced. All of them kept unmoved after the crack propagated through
this region (Figure 7.7e). MD Simulations with 1% S vacancies under the same loading
condition (Figure C3) show different crack propagation compared to pristine MoS; (Figure

7.4b), in agreement with the experimental results.

In addition, stress concentrated at the crack tip induces lattice distortions, causing the
regularly stacked double S atoms in the (001) crystal orientation to split (Figure 7.7g,h and
Figure C3a,b). However, there is no obvious lattice reconstruction in the tip region. The
crack typically propagates by directly unzipping the Mo-S bond (marked by A and B in
Figure 7.7h) perpendicular to the tearing path along the zigzag direction. Once the crack tip
passes, the distortion in the bonding is reduced, but with some of the S atoms on the S-

terminated edge lost or reconstructed to out-of-plane positions.
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Figure 7.7. Time series of AC-TEM images showing in-situ dynamics of MoS; crack propagation
in a mildly defective region. (a—c) Time series of AC-TEM images showing crack movement through
a mildly-defective region, having a low concentration of S vacancies. (d—f) AC-TEM images
showing the detailed propagation of the crack tip, marked in the region of the white dashed boxes in
panel a, b and c, respectively. The white circles in (d) indicate two S vacancies close to the crack
path. However, these two vacancies disappeared after the crack tip passes through, as two locations
where sitting S vacancies were replaced by regular stacked double S atoms, marked by two white
circles in (e). The yellow dashed line in panel d represents the tearing path of the crack front with a
white arrow indicating the path deflection point, situating between two S vacancies. The green circles
numbered from 1 to 4 are used to show four S vacancy defects located farther away from the tearing
path, compared to those two vacancies marked by white circles. Their locations in (e) are labelled

by green circles with corresponding numbers from 1’ to 4°, respectively. (g—1) AC-TEM images of
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the crack tip region marked in white boxes in (d—f), respectively, with atomic models overlaid. The
blue, yellow and orange circles represent the single Mo atom, double S atoms and the single S atom,

respectively. All scale bars are 1 nm.
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Figure 7.8. Time series of AC-TEM images showing the in-situ crack propagation within a
moderately defective MoS; region containing an increased number of vacancy defect. (a—€) Time
series of AC-TEM images of crack propagation across an area with a medium concentration of S
vacancies, showing the creation of dislocations and micro-cracks ahead of the crack tip marked by
white dashed rectangles. The yellow ellipses in (a,b) show the aggregation of some S vacancies into
line defects, which subsequently evolve into dislocation pools in (c) as the crack tip approaches. (f—
i) AC-TEM images of regions marked in white dashed boxes in (a—d), respectively. Dislocations
with corresponding Burgers’ vectors, labelled by green arrows, are shown by drawing Burgers’
circuits in white. Dislocation-free micro-crack is marked by green dashed lines. All scale bars are 1

nm.
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Increasing the vacancy defect concentration in front of a crack tip results in distinctly
different crack propagation behaviour. Instead of the cleavage of lattice planes along zigzag
directions, the crack front emits dislocations and micro-cracks ahead of the tip with small
regions of dislocation-free lattice trapped in between (Figure 7.8a-e). Simulations show
similar dislocation formation when increasing S vacancy density up to 20% (Figure C4a-e).
The Burgers vector of the dislocation region shows two types, (1,0) dislocation and (1,0) +
(0,1) dislocation, constructed from two |b(1,0)] = 3.1 A dislocations of (1,0) and (0,1)
(Figure 7.8f-1).(193) All these dislocation forms can be identified in the simulation
snapshots at the crack tip as shown in Figure C4f-i for moderately defective samples. The
generation of dislocations blunted the crack tip compared to the fracture front having atomic
sharpness in Figure 7.2 and Figure 7.7, making the crack perform in a more ductile fashion.
A fracture velocity of ~0.07 nm/s in this moderately defective region is the lowest speed
measured, compared to the pristine and mildly defective regions. It could be attributed to
the creation of dislocations and micro-cracks ahead of the crack tip, as well as a frequent
shift of the crack direction. The shielding effect of dislocations and micro-cracks could
partly protect the crack tip from the surrounding stress, rendering the crack front to be
arrested temporarily until it splits the trapped lattice in between. Additionally, the continuous
creation of dislocations ahead of the crack front decreases the vacancy density in this region
(comparing Figure 7.8a with Figure 7.8d,e), indicating that the dislocations are partly
generated by the aggregation of vacancy defects. Furthermore, large-area dislocation pools
are formed by the coalescence of small dislocation cores with dislocation-free micro-crack
(Figure 7.8h,i). All of these features indicate an increased level of plastic deformation in

defective monolayer MoSz, which results in a ‘brittle-to-ductile’ transition of the crack mode.
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7.2.3 Fracture Toughness Calculation of Defective Monolayer MoS:

Using MD simulations, it was found that the defects in MoS; beyond a critical density
can generate a strong collective effect to delay the propagation of atomic crack tip and such
mechanism is not shown in graphene. Figure 7.10a schematically shows that randomly
distributed S vacancy defects beyond 10% in MoS: aggregate to form line defects that are
distinctly different to the vacancy aggregates in graphene, for which increasing vacancy
density results in dislocation pairs and then finally small holes. This result is supported by
the observation that the application of EB dose to a MoS; in AC-TEM results in vacancies
aggregating to form line defects (Figure 7.9). The computational simulations of MoS;
(Figure 7.10b) and graphene (Figure 7.10c) show that the line defects in MoS; helps to
guide and deflect the crack in propagation but not for the small holes and dislocation in
graphene. Such mechanism contributes to the enhanced energy release rate (Gc) and fracture
toughness (Kic) for defected MoS: but not for graphene (Figure 7.10d,e). It is noted that our
calculations for graphene fracture agree with previous experimental and simulation
results.(188, 194) Surprisingly, the fracture toughness for mildly and moderately defective
MoS: can exceed that of graphene, Figure 7.10e. This is attributed to the way in which the

atomically sharp crack tips interact with the line defects in MoS, compared to graphene.
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Figure 7.9. Structure evolution comparison between monolayer MoS, and graphene under a

continuous electron beam irradiation. (a-c) AC-TEM images showing the configuration evolution of
monolayer MoS; under the same electron dose as that | used when imaging the crack propagation. |
applied a nonstandard defocus value rather than the ‘optimal” Scherzer focus to “filter’ the pristine
MoS; but highlight the defect structures like vacancies and line defects. (d) AC-TEM image taking
under the standard defocus value close to the Scherzer focus, which proves that those highlighted
configurations in (a—c) are vacancies and line defects rather than dislocation pools. Scale bar: 2nm.
(e-f) AC-TEM images showing the generation of vacancy clusters, dislocation pairs and small holes
on graphene under a prolonged EB illumination, which is different from the lattice evolution on
monolayer MoS,, where S vacancies are prone to aggregating into line defect networks.
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Figure 7.10. The enhanced fracture toughness of defected MoS; and its molecular mechanism. (a)
Schematic shows that the tensile loading force to material samples was applied on the left and right
boundaries until their total failure in the computational simulations. Fracture of defected MoS; with
different vacancy density (V) is featured by the deflected crack pathway which is very different from
what is seen in graphene. The crack path associates with the conformation of defects at equilibrium
as vacancies in MoS; can aggregate and form a defect network composed of lines to guide the crack
propagation. (b) The simulation snapshots of a defected MoS, sample with initially randomly
distributed defects with V=20% before and after equilibration, which shows the merging of
vacancies and forming of a defect network. The defect network deflects the crack pathway during
fracture. (c) The simulation snapshots of a defected graphene sample with initially randomly
distributed defects with V=10% before and after equilibration, while two neighbouring vacancies
can be healed by forming a 57755775 dislocation, more vacancies form holes instead. The crack
pathway in graphene is not significantly deflected. (d—e) The comparison of the energy release rate
(Gc, panel d) as the energy release of unit length of the 2D material during fracture and fracture
toughness (Kic, panel e) as a function of vacancy density for MoS; and graphene, which shows MoS;
has a higher energy release rate and an superior fracture toughness to graphene once mildly or
moderately defected.
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7.3 Conclusion

In summary, the findings enable validation of many theoretical and computational
studies that form the foundation of fracture mechanics, but which were previously too
difficult to observe at the single atom level in thick materials. Crack tips remained atomically
sharp during propagation and in dislocation nucleation. The atomically sharp crack does not
have infinitely large stress at the tip because the interactions between defects and crack tip
can lead to deflections, crack blunting and plastic yielding by rearranging of the defects.
Increasing the density of defects in MoS: leads to enhanced fracture toughness, not observed
in graphene, as crack tips become blunt and the propagation speed reduces dramatically,

which is associated with increased fracture toughness.
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8.1 Conclusion

Monolayer MoS,, which has an ultra-thin layered structure and a direct bandgap of 1.9
eV, holds potential applications in nanoelectronics, optoelectronics and flexible devices.(9)
It also provides possibilities to control the spin and valley degree of freedom due to its
broken inversion symmetry and a strong spin-orbital coupling, making it as a promising
material for spintronic and valleytronic devices.(8) The widespread use of this material is
based upon establishing a scalable, low-cost and environmentally-friendly production
method, which enables the achievement of high-quality, large-area monolayer MoS; with
big grain sizes and homogeneous thickness. CVD may open up an avenue to realize these

goals, since it has been proven to be effective in the fabrication of graphene.

My first task is to establish a growth strategy capable of producing monolayer MoS..
MoOs and S powder are utilized as precursors with independent temperature control profiles.
The CVD system is artificially designed to generate a sharp spatial gradient of gaseous
MoOs on the SiO/Si substrate, which both increases the synthesis flexibility and provides
a platform to explore the impact of this factor on the MoS; growth. High-quality monolayer
MoS;, domains are obtained using this hydrogen-free, atmospheric pressure CVD (APCVD)

approach, verified by a host of characterizations, including SEM, AFM, Raman and PL
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spectroscopy. A regular spatial-dependent shape evolution of MoS; domains from triangular
to hexagonal geometries is also observed, which is explained by the local changes in the
Mo:S ratio of precursors (1:>2, 1:2, and 1:<2) and its influence on the kinetic growth
dynamics of edges. These progress naturally pushes my synthesis research into the second
stage, i.e., optimizing the method to increase the coverage area, growth uniformity and
continuity. This task is implemented by two primary modifications on the CVD setup, which
enhances the temporal and the spatial homogeneity of the precursor feed-stock on the
substrate surface. One optimization is to separate two precursors (MoO3z and S powder) by
adding an inner quartz tube. It stabilises the supply of both gaseous precursors into the
reaction zone throughout the growth by avoiding the gradual quench of the MoO3s powder
by the S vapour. The second improvement is to vertically orient the substrate, which
drastically alleviates the spatial concentration gradient on the substrate and may passivate
the growth sensitivity on the mixture uniformity level of precursor vapours by a switch of
the rate-limiting step. Centimetre-scale monolayer MoS: films with a grain size of 10-20 pm
are gained. Apart from these achievements, a systematic study is carried out to investigate a
range of synthesis parameters on the product, including the heating temperature of the MoOs
powder, the temperature of the growth substrate and the flow rate of the Ar carrier gas. All
the knowledge accumulated in this section (Chapter 4) provides an in-depth understanding
of the CVVD method of monolayer MoS: growth and establishes a practical CVD synthesis

strategy that has potential to be expanded to the 4-inch quartz tube.

The second part of my work is motivated by the pursuit of preserving the intrinsic
properties of CVVD-grown monolayer MoS: better. This is realized by changing the growth
substrate from the 3D amorphous SiO; to the 2D CVD-grown, continuous multilayer h-BN
films, which can also maintain the overall 2D nature of the vertical heterostructures. Four

types of specimens (MoS grown on h-BN films, MoS, grown on SiO; substrates, MoS>
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transferred on h-BN films, MoS; transferred on SiO. substrates) are studied to show their
variations on the built-in strain and the doping level. The information is obtained primarily
through the analysis about the in-plane and out-of-plane vibrational modes in Raman
spectroscopy of MoS> and the recombination ratio between the neutral exciton and trion in
PL spectroscopy. It is found that direct CVD-grown MoS:; crystals on the h-BN film suffer
smaller lattice strain and lower doping. It also possesses cleaner interfaces to ensure a high-
quality interlayer contact. The results in this section (Chapter 5) provides a simple and
versatile fabrication method of 2D MoS,/h-BN vertical heterostructures, which has potential
to be generalized to create other TMDs/h-BN hybrid structures. The merits of h-BN films
on sustaining the pristine properties of monolayer MoS; has also been manifested, making

it promising in the substrate application in nanoelectronics and optoelectronics.

The third part of my investigation relies on the atomic resolving ability of AC-TEM. It
not only empowers me to build up a bridge between the material’s atomic configuration and
its properties, but also can serve as a highly controllable fine probe to modify the material
through defect engineering. It is found that S vacancies can be generated by employing AC-
TEM under 80 kV. S vacancies migrate and aggregate into line defects along the zig-zag
direction, rendering remarkable lattice compression in the armchair orientation. Lattice
distortion of line defects in various length and width is quantitatively studied, which
provides accurate structure models to conduct a convincible property prediction by
theoretical calculations. DFT calculation shows that the bandgap of the line defect in
monolayer MoS; decreases as its width broadens, making it perform as a 1D metallic
channel embedded in the pristine semiconducting monolayer MoS,. These results present an
avenue for the top-down fabrication of components with distinct electronic properties in the
2D material. If keeping enhancing the electron dose to the monolayer MoS, brittle facture

happens, showing the crack propagation led by an atomically sharp tip predominantly along
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the energetic favourable zigzag direction. Sparse vacancy defects are found to trigger the
crack deflection, while an increased defect density induces a brittle to ductile transition of
the fracture behaviour due to plastic deformation of lattice structures through vacancy
migration and reconstruction. Large-area molecular dynamic simulations are carried out,
showing that the toughness of defective MoS, surpasses that of graphene because of
interactions between the crack front and the vacancy clusters. These results indicate
monolayer 2D materials as an ideal platform for the fundamental research on fracture
mechanics, which can provide atomic scale details conducive to the insight into crack

mechanisms.

To sum up, the thesis covers three broad sections: (1) establishing versatile APCVD
methods to produce centimetre-scale, high-quality, continuous monolayer MoS; films with
big grain sizes on SiO»/Si substrate, and having insights into the growth mechanism; (2)
developing an all APCVD method to fabricate 2D MoS2/h-BN vertical heterostructures, and
proving its main advantageous in built-in lattice strain and doping level by studying the
vibrational and optical properties through Raman and PL spectroscopy; and (3) investigating

the atomic level defects and fracture behaviours of monolayer MoS; by operating AC-TEM.

8.2 Outlook

My PhD work can develop along three different directions. First is to upgrade the large-
area growth of uniform monolayer MoS; films to the 4-inch size CVD system, thus
satisfying the industrial requirements on the productivity. To realize this goal, low-pressure
CVD (LPCVD) method deserves to be investigated, as it may switch the rate-limiting step
from the mass transfer in the APCVD to the surface diffusion/reaction process, thus
alleviating the negative impact from the spatial non-uniformity of precursor vapours. This
method may excel at achieving large-area, continuous monolayer films with uniform

thickness compared with the method of orienting the substrate perpendicular to the mass
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flux of precursor vapours in APCVD (section 4.2), as the latter could suffer from the
inhomogeneous growth caused by the turbulence especially around the substrate edges.
Apart from modifying synthesis recipes, a thorough understanding about the growth
mechanism is highly desirable. Many questions need to be answered, including (1) whether
the CVD growth of monolayer MoS; is the ‘absorption—surface reaction’ process or the ‘gas
phase reaction—precipitation’ one; (2) what roles do the MoO3z and S precursors play,
respectively, in the MoS: nucleation and growth stages; (3) what the detailed chemical
reaction procedure is between Mo-based and S-based species absorbed on the substrate
surface to form MoSg, such as the cleavage of Mo-O bonds, and how it impacts the growth
Kinetics; (4) can the monolayer MoS; growth be self-limited through a careful design of the
synthesis strategy or a special choice of the substrate; (5) how to experimentally determine
the rate-limiting step of the MoS. growth, which involves multi-steps, including the mass
transport of precursor vapours, absorption/desorption of precursor molecules on the
substrate, surface diffusion of absorbed molecules and the surface chemical reaction process;
and (6) how the commonly-encountered impurities in either the precursor powder or in the
carrier gas (e.g. H.O and O2) impact the growth results, product quality and experiment
reproducibility, etc. To solve these questions, a series of controllable experiments and a
range of in-situ and ex-situ characterizations are required to track the real-time growth

procedure.

The second direction is related to the fabrication of 2D vertical heterostructures. An
important question which has not been fully answered in my research on the MoS,/h-BN
heterostructures in Chapter 5 is what the microscopic interaction is between the surface of
various substrates (e.g. SiO2, h-BN) and the monolayer MoS; and how it influences the
achievement of the electronic-grade 2D materials. In addition, most research accomplished

in the field of 2D vertical heterostructures utilized 2D layered materials, such as graphene,
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h-BN and TMDs, as fundamental building blocks to generate new structures for tailoring
material’s properties. Given the limited species of layered materials, further evolution could
rely on expanding the 2D building block library from layered materials to non-layered
materials. Challenges may lie in how to obtain the 2D form of non-layered materials, and
choosing a suitable 2D layered material as the template could be conducive to both their

stabilization and epitaxial growth.

The third direction is to deepen the understanding about the atomic configuration of
MoS; and to try establishing a bridge between the microscopic structure of MoS; with its
growth strategy and the material’s property. Many topics can be investigated, including (1)
resolving the boundary structure between two merged grains with different levels of the
crystal orientation mismatch, checking whether two grain boundaries realize the atomic
stitching or overlap with each other followed by an in-situ measurement on the electric
property at the grain boundary; (2) linking different polymorphs of as-grown MoS; revealed
by HRTEM with its synthesis conditions, etc. In addition, improving the manipulation
ability on the MoS; lattice by employing the state-of-the-art STEM would also be of
particular interest, which may help tailor the material property through the modification on

the lattice periodicity,
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Supporting Information of Chapter 5

A.1l. CVD synthesis and transfer of h-BN films

The growth of few-layer h-BN films were performed using an APCVD method with a
copper catalyst (Cu, 25um, Alfa Aesar).(195) Two separated furnaces were used to
independently control the evaporation temperature of the precursor, ammonia borane, and
the growth temperature on the substrate. Five milligrams of ammonia borane powder (>97%,
Sigma Aldrich) and a copper foil with the size of 1cm by 1cm were loaded into the centre
of two furnaces, respectively. Before the growth of h-BN, the copper was annealed at 1,000 °C
for 60 min with 555 sccm of argon and hydrogen mixed gas (~0.35% hydrogen) to larger
the grain size of copper and smooth the substrate surface. The h-BN growth was carried out
with the typical temperatures for the precursor and the substrate being ~80 °C and ~1,000 °C,
respectively, under the flow rate of 80 sccm (~22% hydrogen and 78% argon). The growth
lasted for 40 minutes followed by fast cooling of the sample by removing it from the hot-
zone of the furnace under the protection of the argon and hydrogen gas mixture. Figure Ala
shows the SEM image of the CVD-grown continuous h-BN film on the substrate of copper

via the aforementioned method. The Raman spectrum, where the characteristic peak is
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centred at ~1365 cm™, indicates the film thickness to be multilayer (Figure Alb). Figure
Alb,c give a typical AFM measurement, showing the thickness of the h-BN film is ~ 3nm

after transferring it on the SiO/Si substrate.

For the transfer process of CVD-grown h-BN film from copper (Cu) to the SiO./Si
substrate, the surface of the as-grown h-BN/Cu sample was first spin-coated with a thin film
of poly (methyl methacrylate) (PMMA) followed by floating it on the ~0.1 mol/L
ammonium persulfate [(NH4)2S4Og] solution to etch Cu substrate away. The PMMA/h-BN
film was transferred into the deionized water for 3 times before loading it onto the central
area of a bare SiO2/Si substrate. The h-BN/SiO./Si sample was first air-dried overnight and
then baked at ~180°C for 15 minutes to ensure good interface contact between h-BN and the

SiO2 surface. Finally, PMMA was washed off with acetone at 40°C for 3h.
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Figure Al. (a) Typical SEM image of the CVD-grown h-BN film on the substrate of copper. (b)
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Raman spectrum of the h-BN film after transferring it onto the SiO-/Si substrate. (c,d) AFM image
of h-BN film transferred on the SiO,/Si substrate and corresponding height profile taken across the

black dash line in panel c.
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A.2. AFM measurements of monolayer MoS2 grown on h-BN and on SiO2 and

discussion on the h-BN surface roughness change before and after MoS:2 growth
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Figure A2. (a-d) AFM images of MoS; grown on SiO, and on h-BN films, respectively. Panel a and
¢ were measured under topological mode, while b and d were under phase mode. The insets show
the surface height profiles or phase shift curves along the corresponding black dashed lines in each
image. () AFM image of CVD-grown continuous multilayer h-BN films transferred on the SiO;
surface before MoS, growth. (f) Surface roughness profiles for h-BN films before and after growing

MoS,, which were taken across the blue straight lines marked by 1 and 2 in panel e and d, respectively.
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We did AFM measurements of monolayer MoS: grown on h-BN and compared them
with MoS; grown on SiO2. Under topological mode, the outline of MoS, domains is much
more detectable when they are grown on SiO; than on h-BN films (Figure A2 (a) and (c)).
This is further convinced by the height profiles taken along corresponding black dashed lines
in each image. For MoS; grown on SiO2, the domain thickness is shown to be ~0.7 nm,
which is consistent with that of MoS, monolayers. However, for MoS; grown on h-BN, we
are unable to read out the MoS; thickness, because it is covered up by the height fluctuations
of h-BN film surface. Even though monolayer MoS: on h-BN is invisible using topological
mode, thanks to the elasticity difference among materials, under phase mode, the coverage
regions of MoS, on h-BN can be seen (Figure A2(d)), since the AFM tip vibration has a
phase change of ~3 degrees when moving from h-BN to MoSz:h-BN heterostructures surface.
The phase mode measurement is also applicable to detect MoS; on SiO2 (Figure A2(b)).
Another interesting phenomenon is that the surface roughness of h-BN was decreased after
experiencing the CVD growth procedure of MoSz on it. Figure A2(e) is the AFM image of
transferred CVD-grown continuous h-BN films before the growth of MoS,. By measuring
the roughness profiles along the blue straight lines marked by 1 and 2 in panel e and ¢, which
correspond to h-BN surface before and after MoS; growth, respectively, it was found that
the h-BN surface roughness before MoS> growth is ~3-4 times higher than that after MoS;
growth. The average roughness of curve 1 is 0.3-0.4 nm, while for curve 2, it is ~0.1nm. The
roughness curves were measured using the software of Gwyddion with a line width of 40
pixels. This indicates that the MoS, CVD growth procedure can, to a certain extent, enhance
the surface flatness of h-BN. However, the transferred h-BN film surface roughness after
MoS2 CVD growth is still higher than that of the bare SiO2/Si substrate, which is measured
to be ~0.03nm in average. This could be attributed to the nature of flexibility of 2D h-BN

films.
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Supporting Information of Chapter 6

B.1. Bond length measurement on DFT-calculated SV and DV atomic models with and

without the consideration on the existence of S vacancies around

As depicted in Figure Bla,b, based on the DFT calculation, the generation of DV will
induce the shrinkage of the Mo-Mo atomic distances from 3.12 A to 2.75 A, yielding a
contraction percentage of around 12%. Moreover, the lattice compression between double
Mo atoms are equal along three directions when there is no other SVs around. However, if
taking the presence of neighbouring, randomly distributed SVs into consideration, the
contraction ratio along different lattice orientations varies, being consistent with
experimental observations in Figure 6.2j, yielding 2.80, 2.75, 2.60 A, respectively, as shown
in Figure Blc,d. This indicates that presence of other SVs could exert anisotropic influence
on the lattice configuration of DV. Figure Ble-h show the DFT-calculated atomic models
and the corresponding multislice TEM image simulations of SV with and without the
consideration on neighbouring SVs. It can be seen that the generation of SV triggers
negligible Mo-S bond contraction at the point defect site, yielding a compression ratio of

around 1.1%, which agrees well with the experimental observation in Figure 6.2i. Moreover,
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similar with the case in DV, the random-distributed SVs around the central SV causes the

inhomogeneous lattice contraction along three armchair directions.

Figure B1. (a,c) DFT-calculated atomic models for DV with and without the consideration on
surrounding SVs, respectively. (b,d) Multislice TEM image simulations based on the atomic model
shown in panel a and ¢, respectively. The Mo-Mo interatomic distances in the absence and presence
of neighbouring SVs are measured by drawing the intensity line profiles. (e,g) DFT-calculated
atomic models for SV with and without the consideration on surrounding SVs, respectively. (f,h)
Multislice TEM image simulations based on the atomic model shown in panel a and c, respectively.
The Mo-S atomic distances in the absence and presence of neighbouring SVs are measured by
drawing the intensity line profiles. The unit for each value is Angstrom. Scale bar corresponds to 0.5

nm.
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B.2. Atomic model showing one possible 1SVL structure with a residual line of single

S atoms sitting at different atomic planes.
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Figure B2. Atomic model showing one possible 1SVL structure having a residual line of single S
atoms constructed in an up-down-up-down configuration. The top panel is the atomic model in the
projection view, where blue, orange and yellow spheres represent Mo atom, single S atom in the top
lattice plane and the single S atom in the bottom lattice plane, respectively. The bottom panel is the
atomic model seen from the x direction at 1SVL, which reveals the up-down-up-down arrangement
of single S atoms at the line defect. DFT calculation reveals that such lattice arrangement having
single S atoms in the same line sitting at different atomic planes is more energy unfavourable than

the atomic structure shown in Figure 6.4e.
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B.3. Detailed locations of taking intensity line profiles on 1SVL, 2SVL and 3SVL in

different lengths
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Figure B3. (a—d) AC-TEM images of 1SVL in different lengths, shown in Figure 6.4a—d,
respectively. White arrows indicate the exact measurement locations of boxed intensity line profiles
shown in Figure 6.4g. (e—g) AC-TEM images of 2SVL in different lengths and types, shown in Figure
6.3f, Figure 6.6a and Figure 6.6e, respectively. White arrows indicate the exact measurement locations of
boxed intensity line profiles shown in figure 5m, corresponding to short type 1 2SVL, long type 1 2SVL and
type 2 2SVL, respectively. (h,i) AC-TEM images of 3SVL in different lengths, shown in Figure 6.3g and
Figure 6.7d, respectively. White arrows indicate the exact measurement locations of boxed intensity line
profiles shown in Figure 6.7g, corresponding to short-3SVL, long-3SVL, respectively. Scale bar corresponds

to 0.5 nmin all panels.
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B.4. AC-TEM images for 2D displacement and strain maps
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Figure B4. (a,c) AC-TEM images of type 1 2SVL and 7SVL used for the generation of 2D
displacement and strain maps in Figure 6.8. (b,d) Maximum-filtered AC-TEM images
corresponding to panel a and c, respectively, which show atom positions more clearly. All scale bars

correspond to 0.5 nm.

B.5. Bond length change at line defects
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Figure B5. DFT-calculated MoS:; lattice structure containing type 1 2SVL. The Mo-S bond lengths
in the defective region are labelled. The standard Mo-S in the pristine lattice is 2.383 A.(196) It
shows that the bond length variation at line defects do not exceed 5% compared with the pristine

Mo-S bond. The pink and yellow spheres represent Mo and S atoms, respectively.
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B.6. Discussion on the displacement and strain maps

Figure B6. 2D displacement map in the x direction of type 1 2SVL. The TEM image used here is
the same as that for Figure 6.8(i)a. The reference point is marked by a white circles together with a

black arrow beside it.

The 2D displacement maps in Figure 6.8 are generated by first identifying the precise
positions of atoms from the AC-TEM images having sulphur vacancy lines and then
subtracting them from their expected locations in a pristine MoS lattice. The strain maps
are generated through first doing the scattered interpolant on the displacement map by
applying the method of natural neighbour interpolation, and then calculating the strain
between adjacent interpolating points. The ‘scatteredinterpolant’ function together with the
‘meshgrid’ function in the Matlab software are able to transform the displacement values in
a hexagonal lattice into a meshgrid format, which facilitates the drawing of 2D contour plot
or 3D surface plot. The colour of the displacement map indicates the absolute displacement
values at different sites, which is related to the reference point chosen. However, the lattice
strain is revealed by the displacement gradient on the displacement map rather than the
absolute displacement values. The sharper the colour changes in the displacement map, the
higher the strain will be. Therefore, the strain does not depend on the reference point I choose.
To better confirm this, | did a comparison experiment on the generation of the displacement

map in the x direction for the same AC-TEM image by choosing different reference points.
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In Figure 6.8(i)a, I originally chose one single Mo atom on the 2SVL as the reference point,
where | think the displacement at this atom is zero compared with a pristine MoS: lattice. |
can choose an arbitrary atom as the reference point and get very similar displacement map.
As shown in Figure B6, | chose an atom in the pristine area which is indicated by the white
circle as the reference point and obtained the corresponding displacement map. The colour
gradient is very similar as Figure 6.8(i)a. The only difference is the absolute displacement
value for each atom, as this value is determined by the reference point. This indicates that
the choice of the reference point will not affect the displacement gradient, thus having no
influence on the strain calculation. The reason why choosing a single S atom in the 2SVL
as the reference point rather than an arbitrary atom in the lattice is because this can make the
colour scale of the displacement map to be symmetric, which is from -1.5A to 1.5A. It will

be easier to understand the relative movement direction of atoms around the line defects.

In addition to the continuous displacement and strain maps shown in Figure 6.8(i), |
have also drawn the 2D scattered displacement and strain maps without doing interpolations.
As shown in Figure B7a,b, the discrete displacement values of each atom in the x and y
direction of the AC-TEM image are revealed by the spots’ colours, respectively. The 2D
scattered strain maps are generated by calculating the difference between the displacement
values at two adjacent atomic positions, divided by the distance between these two atoms.
For example, to determine AUx/Ax, | can pick two horizontally adjacent atoms numbered
by 1 and 2 from the 2D displacement map of Uy in Figure B7a, and then calculate {Ux(2)-
Ux (1) }{x(2)-x(1)} to get AUx/Ax at the location marked by 1 in Figure B7c. Similarly,
AUx /Ax at location 2 in Figure B7c are produced by calculating {Ux(3)-Ux (2)}{x(3)-x(2)}
based on Figure B7a. To obtain AUx/Ay, | can pick two vertically adjacent atoms in the
same line numbered by 1 and 2’ in Figure S14a, and then calculate {Ux(2”)-Ux (1) }{y(2’)-

y(1)} to get AUx/Ay in location 1’ in Figure S14e. Similarly, AUx/Ay at location 2’ in
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Figure B7e is produced by calculating {Ux(3”)-Ux (2”)}/{y(3’)-y(2’)} based on Figure B7a.
AUy/Ax and AUy /Ay can be obtained by applying the same calculation method for Figure
B7c and e on the 2D scattered displacement map of Uy, respectively. | have also drawn the
scattered displacement and strain maps corresponding to the 7SVL example in Figure 6.8(ii),
as shown in Figure B8. The 2D scattered strain maps show good consistency with the
continuous contour maps in Figure 6.8, indicating the validity of our strain map generation

in the main text.
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Figure B7. (a,b) 2D scattered displacement maps of type 1 2SVL in the x and y direction (Ux and
Uy), respectively. The colour scale is + 1.5A. The reference point is the same as that in figure 7(i)a,
which is marked by a white dashed circle. (c-f) 2D scattered strain maps of AUx/Ax, AUy /Ax,
AUx/Ay and AUy /Ay, respectively. The color scale is £1.1.
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Figure B8. (a,b) 2D scattered displacement maps of 7SVL in the x and y direction (Ux and Uy),
respectively. The colour scale is + 3.5A. The reference point is the same as that in Figure 7(ii)a,
which is marked by a black dashed circle. (c-f) 2D scattered strain maps of AUx/Ax, AUy /Ax,
AUx /Ay and AUy /Ay, respectively. The color scale is +1.1.

The precision of the atomic positions in MoSz is ~+20 pm. This is evaluated by
measuring the atom positions of the same TEM image several independent times and
calculating the average difference for each atom position. This error is the main source of
the errors in the displacement and strain maps. Based on the error propagation in the
displacement and strain functions, | can evaluate that the errors in the displacement and

strain maps are ~+20 pm and ~%0.2, respectively.
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B.7. DFT-calculated band structures of line defects from 5SVL to 8SVL

— 3\\\\ \‘.‘ =
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Figure B9. Band structures of line defects from 5SVL to 8SVL, respectively, performing metallic

properties.
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Supporting Information of Chapter 7

C.1. Methods of resolving the lattice structure of MoS2 around the torn edges

For annular dark-field (ADF) imaging in a scanning transmission electron microscope
(STEM) the image contrast is directly related to the atomic number of the atoms, allowing
an easy way of chemical identification for different elements in a sample.(23) In phase
contrast TEM imaging of a binary elementary system, such as MoS2 monolayers, it is more
complicated. As depicted in Figure Cla, image simulations on the atomic model of pristine
monolayer MoS; show that the intensity ratio between single Mo atom (Mo) and double
stacked S atoms (2S) is dependent on many factors, including the defocus values and the
temporal coherence of the electron beam, denoted as defocus spread. This hinders the ability
to distinguish Mo from 2S by simply comparing the contrast intensity from atomic columns.
However, there is another feasible approach to identify different elements in monolayer
MoS,, which is to find a sulphur vacancy as the reference point and deduce the species of
other atoms around it one by one. Sulphur vacancies are preferentially created by 80kV
electron beam irradiation. Figure C1b shows how to identify the element type of atoms on

a torn edge of MoS, monolayers. I initially find two mono-sulphur vacancies (Vs) close to
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the edge, where the atom intensity is prominently lower than either the Mo or 2S sites.
Subsequently, as Mo and 2S are known to arrange alternatively, | will be able to deduce
species of all the other atoms around vacancies and know the element of the edge atoms.
This method is both easy and accurate. Firstly, since the monolayer MoS: is relatively
sensitive to the electron beam irradiation, under the accelerating voltage of 80 kV, it is
always easy to find some sulphur vacancies as the reference points in the imaging area.
Secondly, it has been reported that single Mo vacancies are hard to find in CVD-grown
monolayer MoS; samples,(29) because the S atoms around it will become prone to sputtering
once it is generated. There is a low possibility of misinterpretation for element types for each
atom using this method. In addition, | can increase the judgement accuracy by choosing
multiple S vacancies as different reference points and deducing the atom type in the same

area by starting the counting of atoms from various reference points.

Mo/2S intensity ratio

Intensity ratio

Figure C1. (a) 3D plot showing the dependence of the Mo/2S intensity ratio in the AC-TEM on the
parameters of defocus (nm) and defocus spread (nm) by performing a series of simulations on the
atomic model of pristine monolayer MoS;. (b) AC-TEM image showing cracked MoS; edges with
white circles highlighting the mono-sulphur vacancies as reference points, as well as blue and yellow

circles representing Mo and 2S sites, respectively.

In order to better confirm whether the outermost S atoms on the ‘Klein-edge-like’(192)

Mo-terminated edge are lost or moving to more out-of-plane locations. | conducted multi-
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slice simulations using different atomic models having various edge structures created in
Accelry Discovery Studio Visualizer software with appropriate supercells and compared
their contrast at the same near-edge region with the raw AC-TEM image. Figure C2a,d are
AC-TEM images in gray showing the right part of the brittle torn edge in Figure 7.3a with
a magnified view, which is the same as the right part of Figure 7.3b. A boxed line
profile(197) was conducted in the region marked in the yellow dashed rectangle in Figure
C2b to show the contrast variation (Figure C2Kk). Figure C2c—f show atomic models of four
possible edge structures. Each of them show the case of having both the top and bottom S
atoms lost, having the bottom S atoms lost and the top S atoms move to places above the
MoS: lattice plane, having the top S atoms lost and the bottom S atoms move to places below
the MoS: plane, and having no S atoms on the edge lost but both the top and the bottom S
atoms move to out-of-plane places, respectively. The upper parts show the top views of the
atomic models, while of the bottom parts show the side views. Figure C2g—j are multi-slice
simulation images based on the corresponding atomic models Figure C2c—f, respectively.
The defocus spread and the defocus values are chosen to be 5.5 nm and 3 nm based on the
analysis of the TEM image resolution. Figure C2l-o are the boxed line profiles showing the
contrast variation across the region in yellow boxes for each simulation image. Compared
with the boxed line profile of the AC-TEM image in panel m and n, which corresponds to
the edge atomic model that has both the top and bottom S atoms lost, has the best match
based on the contrast variation on the edge. Therefore, it can be confirmed that the brittle
torn edge configuration shown in panel d corresponds to the atomic model in panel e, where
the outermost S atoms on both the top and the bottom planes are lost, leaving ‘Klein-edge-

like’ Mo-terminations.
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Figure C2. (a) AC-TEM image of one side of the long and straight zigzag edges, which is the right
part of Figure 7.3b. (b) Magnified view of the structure of the MoS; edge from the region indicated
by the orange dashed box in panel c. (c—f) Atomic models of four possible edge configurations. Each
of them is having both the top and bottom S atoms lost, having the bottom S atoms lost and the top
S atoms move to places above the MoS; lattice plane, having the top S atoms lost and the bottom S
atoms move to places below the MoS; plane, and having no S atoms on the edge lost but both the top
and the bottom S atoms move to out-of-plane places, respectively. The upper parts show the top
views of the atomic models, while the bottom parts show the side views. (g—j) Multislice image
simulations of the edge structure based on corresponding atomic models shown in panel e-h,
respectively. (k—0) Boxed line profile analysis across the edge region shown in yellow dashed boxed

in panel d, i-l, respectively.
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C.2. MD simulation of monolayer MoS:z crack propagation in a mildly defective region

Figure C3. Simulation snapshots of the crack propagation in a MoS; model with 1% S atom missing,

showing the crack pathway is deflected by the defects near the crack tip.
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C.3. MD simulation of monolayer MoS:z crack propagation in a moderately defective

region
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Figure C4. Simulation snapshots of the crack propagation in a MoS,; model with 20% S atom
missing, showing various types of dislocations form at the crack tip. The dislocations interact with
the crack propagation by deflecting the crack path and making the crack tip less sharp than material

samples with lower defect rates.
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